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METHODS FOR SEPARATING MEDICAL
ISOTOPLES USING 1ONIC LIQUIDS

[0001] This invention was made with government support
under Prime Contract No. DE-AC05-000R22725 awarded
by the U.S. Department of Energy. The government has cer-
tain rights 1n the mvention.

FIELD OF THE INVENTION

[0002] The present invention relates generally to methods
for extracting and separating radioisotopes, and more particu-
larly, to extracting and separating such radioisotopes from
aqueous solution, particularly where the radioisotopes are
medical radioisotopes.

BACKGROUND OF THE INVENTION

[0003] The daughters of Th-229 (Ac-225 and B1-213) and
other alpha-emitting radioisotopes are rapidly becoming of
great interest for short range and site-specific therapy of can-
cers and micrometastatic disease. Pre-clinical and Phase I
clinical trials involving B1-213 are underway throughout the
world focusing on treatment of acute myelogenous leukemaa,
prostate cancer, multiple myeloma, non-Hodgkin lymphoma,
colon cancer, and other diseases (Jurcic, J. G., etal., “Targeted
Alpha-Particle Immunotherapy for Myeloid Leukemia,”
Blood, 100, pp. 1233-1239, 2002). Success 1n one or more of
these trials will greatly increase demand for alpha-emitting,
radioisotopes and will necessitate improved methods for
delivering the 1sotopes at clinics.

[0004] In many of the current generator systems, the pro-
duction process uses an organic exchange resin. Radiolytic
breakdown of these generators limits their size to a few mCi
and their usetul lifetime to a few days (Boll, R. A., et al.,
“Optimizations of Radiolabeling of Immunoproteins with
B1-213,” Radiochimica Acta, 79, pp. 145-149, 1997). Gen-
erators with loadings of up to 25 mCi have been prepared by
distributing the activity throughout the resin. With this
approach, shelf life of generators has been extended to a week
(McDevitt, M. R., et al., “An Ac-225/B1-213 Generator Sys-
tem for Therapeutic Clinical Applications: Construction and
Operation,” Appl. Radiat. Isot., 50, pp. 895-904, 1999). The
use of silica-based extraction chromatographic resin showed
some resistance to damage by alpha-radiolysis when in com-
bination with a broad distribution of the Ac-225 on the resin
(Wu, C., et al., “An Improved Generator for the Production of
Bi1-213 from Ac-225" Radiochimica Acta, 79, 141-144
(1997).

[0005] For clinical applications, generators containing 60
mCi1 or more are typically required. However, a decrease in
the performance of the resin-based Ac-225/B1213 generators
at these higher levels of radioactivity tends to occur due to
radiolytic breakdown of the resins 1n a high radiation field. In
turn, radiolytic breakdown generally results 1n: (1) lower
yields of Bi-213, (2) undesirable higher Ac-225 break-
through, and (3) extra processing time for purification of the
B1-213 product for incorporation ito radiopharmaceutics.

SUMMARY OF THE INVENTION

[0006] Thenvention is directed to methods for extracting a
radioisotope from an aqueous solution using a non-chelating,
ionic liquid as the extractant. The invention 1s particularly
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directed to methods for separating one radioisotope from
another radioisotope in an aqueous solution containing a mix-
ture of radioisotopes.

[0007] In particular embodiments, the method for extract-
ing a radioisotope irom an aqueous solution includes the
following steps: a) mtimately mixing a non-chelating 1onic
liquid with the aqueous solution to transier at least a portion
of the radioisotope to the non-chelating ionic liquid; and b)
separating the non-chelating 1onic liquid from the aqueous
solution. In preferred embodiments, the method achieves an
extraction efficiency of at least 80% or 90%, wherein the
extraction efficiency is calculated as R /(R +R ), wherein
R,, represents a final radioactivity of the radioisotope in the
ionic liquid, and R, represents a final radioactivity ot the
radioisotope 1n the aqueous solution in the same units of
radioactivity, wherein the final radioactivity 1s the radioactiv-
ity measured after steps (a) and (b) are completed.

[0008] In the case where the aqueous solution contains
more than one radioisotope, the above extraction method can
advantageously be used to substantially separate a first radio-
1sotope from a second radioisotope by disproportionately
extracting the first radioisotope over the second radioisotope.
In preferred embodiments, the method achieves a separation
factor of at least 1x10® or at least 1x10° wherein the separa-
tion factor 1s calculated as D,/D,, wherein D, 1s a distribution
coelficient for the first radioisotope and D, 1s a distribution
coellicient for the second radioisotope. The distribution coet-
ficient 1s calculated by the general formula R, /R, xVol, /
Vol,,, wherein R ;, represents a final radioactivity of the radio-
1sotope 1n the 10nic liquid, R, represents a final radioactivity
of the radioisotope in the aqueous solution 1n the same units of
radioactivity, Vol,, represents a volume of the 1onic liquid,
and Vol represents a volume of the aqueous solution.

[0009] The 1onic liquids used in the instant invention
advantageously offer numerous potential benefits compared
to typical organic solvents, such as non-volatility, non-tlam-

mability, a broad temperature range of stability, the ability to
dissolve both mnorganic and organic compounds, high con-
ductivity, and wide electrochemical windows. Moreover, the
unique 10nicity and 1on-exchange capability of 1onic liquids
have herein been found to offer 1deal solvation environments
for separation of 10n1c metal species, thus leading to very high
extraction efficiencies. The key advantage of the extraction
systems based on 1onic liquids lies 1 the synergistic role
played by 1onic liquids 1n the extraction process. The 1onic
liquids not only function as diluents but may also be 1inti-
mately mvolved in separation processes by 1on-exchange
mechanisms and unique solvation interactions. This bifunc-
tionality associated with 1onic liquid solvents 1s seldom found
for conventional solvents, and thus, advantageously opens up
another avenue for tuning the extraction properties of a spe-
cific extractant. Accordingly, by methodical solvent design
and judicious selection of processing conditions, the instant
invention exploits the numerous benefits of 1onic liquids to
enhance extraction and separation of radioisotopes.

[0010] As the method i1s particularly directed to medical
radioisotopes, the instant ivention provides a significant
benefit to the medical arts. The invention is particularly
directed to the separation of thorium from actinium (Th-229/
Ac-225,Ac-227/Th-227), radium from actimum (Ac-225 and
Ra-225, Ac-2277 and Ra-223), and radium from thorium (Th-
227 and Ra-223, Th-229 and Ra-225).
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BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1. Molecular structures of selected 1onic lig-
wids, anions, and extractants, wherein A~ denotes an anion
equivalent 1n scope to X~ described elsewhere herein.
[0012] FIG. 2. Thermogravimetric analysis (TGA) graphs
of [Bul5][NTt,] and [PhCH,Py][NTHt,] 10nic liquids.
[0013] FIG. 3. Graph plotting extraction efficiency (%) vs.

concentration of TODGA extractant on Th-227/Ac-225 sepa-
ration for different types of 1onic liquids.

[0014] FIG. 4. Graph plotting extraction efficiency (%) vs.
acidity of the aqueous phase on Th-227/Ac-2235 separation
tor different types of 1onic liquids.

DETAILED DESCRIPTION OF THE INVENTION

[0015] Asusedherein, the term “about™ generally indicates
within £0.5%, 1%, 2%, 5%, or up to £10% of the indicated
value. For example, a temperature of about 25° C. generally

indicates, 1n 1ts broadest sense, 25° C.+10%, which indicates
22.5-277.5° C.

[0016] In the method, one or more radioisotopes are
extracted from an aqueous solution by intimately mixing the
aqueous solution holding the one or more radioisotopes (1.¢.,
“aqueous substrate) with one or more non-chelating 10nic
liquads (1.e., “10on1c liquud” or “IL”") to transier the one or more
radioisotopes to the 1onic liguid from the aqueous substrate,
and then separating the 1onic liquid from the aqueous sub-
strate. The i1ntimate mixing should ensure the maximum
extraction ability for the 1onic liquid being used under the
conditions (e.g., temperature and pressure) being used. The
1ionic liquid and aqueous substrate can be intimately mixed by
any of the methods known 1n the art, such as by manual or
mechanical stirring, vibrating, shaking, or tumbling. In some
embodiments, high-speed stirring by use of a high-speed
mixer 1s used. The high-speed mixer may provide stirring at,
for example, 100, 200, 500, 1000, 13500, or 2000 revolutions
per minute (rpm), or up to, below, at least, or above any of the
foregoing rpm values. Any suitable temperature, typically up
to 100° C., can be employed during the mixing step. In dif-
terent embodiments, a temperature of about, at least, above,
up to, or less than, for example, 20, 30, 40, 50, 60, 70, 80, 90,
or 100° C. may be employed. Typically, the mixing step 1s
conducted at standard pressure (approximately 1 atm); how-
ever, 1n some embodiments, an elevated pressure may be
used, such as a pressure of about or at least, for example, 1.5,
2,2.5,3,4,5, or 10 atm, or a reduced pressure may be used,
such as up to or below, 1, 0.8, 0.5, or 0.1 atm.

[0017] Adter intimate mixing of the ionic liquid and aque-
ous substrate, the 1onic liquid 1s separated from the aqueous
substrate. The 1onic liquid can be separated from the aqueous
substrate by any of the means known in the art. In one embodi-
ment, the 1onic liquid and aqueous substrate combination 1s
allowed to stand over a period of time until suificient separa-
tion of the two phases 1s observed. The standing period 1s
typically at least 1, 2, 3, or 4 hours and up to 6, 8, 12, 18, 24,
36, or 48 hours. In another embodiment, the 1onic liqud and
aqueous substrate combination 1s centrifuged to facilitate or
elfect separation. The centrifugation can be conducted at any

suitable angular velocity, such as an angular velocity of about,
at least, above, up to, or below 1000, 2000, 5000, 10,000,

15,000, 20,000, 25,000, or 30,000, or any angular velocity
within a range bounded by any two of these values. In another
embodiment, the 1onic liquid and aqueous substrate combi-
nation 1s cooled down to a suificient temperature to facilitate
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or elfect separation. The 1onic liquid and aqueous substrate
combination can be cooled down to a temperature of about or
below, for example, 20, 15, 10, 0, —10, =20, -30° C. If an
clevated temperature, such as 30, 40, or 50° C., 1s used during
the mixing step, the cool down temperature may be above 20°
C. 1f that temperature can eflect separation. In yet another
embodiment, a phase-separation facilitator 1s added to the
ionic liquid and aqueous substrate combination to effect
phase separation. For example, a suificiently hydrophobic
molecule, which may be a non-polar solvent, may be added to
the combination, with the result that the hydrophobic mol-
ecule mixes selectively with the 1onic liquid phase to render
the 1onic liquid phase suificiently hydrophobic to separate
from the aqueous substrate. Alternatively, a highly polar mol-
ecule, such as a salt, may be added to the combination with the
result that the highly polar molecule mixes selectively with
the aqueous phase to render the aqueous phase suiliciently
hydrophilic to separate from the 1onic liquid. The 1onic liquid
1s also preferably selected so that 1t 1s sufficiently hydropho-
bic, by 1tsell, to separate from the aqueous substrate. In still
other embodiments, the separation step i1s ell

ected by
employing a combination of any two or more of the above
techniques. For example, the separation step may be efiected
by centrifuging the combination and allowing the combina-
tion to stand, or the separation may be eil

ected by cooling the
combination and allowing the combination to stand, or the
separation may be eflected by including a phase-separation
tacilitator followed by standing and/or centrifugation. Typi-
cally, the pressure employed during the separation step 1s
standard pressure; however, any of the pressures described
above for the mixing step may also be employed.

[0018] In some embodiments, the pH of the aqueous sub-
strate 1s adjusted prior to or during mixing with the ionic
liquid. The pH of the aqueous substrate, among other vari-
ables, may have a significant impact on the extraction eifi-
ciency or separation factor of the process. In different
embodiments, the aqueous substrate may be adjusted to have
a pH of about, at least, above, up to, or less than, for example,
1,2,3,4,5,6,7,8,9, or 10. Alternatively, the pH can be
spec1ﬁed in terms of normality, such as 0.00001N, 0.0001N,
0.001N, 0.01IN, 0.IN, 0.2 N, 0.5N, or IN, or a range of
normalities bounded therebetween. The aqueous substrate
can be adjusted i pH by addition thereto of an acid or base,
as appropriate, wherein the acid or base can be any of the
acids or bases known 1n the art and which do not have an
adverse impact on the method.

[0019] The radioisotope considered herein 1s any radioiso-
tope that can dissolve in water, particularly those radioiso-
topes used 1n the medical profession for therapeutic treatment
or medical imaging (e.g., PET or SPECT) of patients. Gen-
erally, the radioisotopes considered herein are those that have
a half-life of at least 1, 2, 5, 10, 25, 40, or 50 days. In some
embodiments, the radioisotopes have a half life of not more
than 1, 2, 5, 10, 25, 50, 100, or 200 days, or not more than 1,
2, 5, or 10 years. In different embodiments, the radioisotope
has an atomic number of at least or above 3, 5,11, 13, 19, 37,
49, 55, 80, 87, 88, 89, or 90, or an atomic number within a
range bounded by any two of the foregoing values. Some
examples of radioisotopes include the radionuclides of tech-
netium (e.g., Tc-99 and Tc-97), potassium (e.g., K-40),
rubidium (Rb-82), 1odine (e.g., 1-123, 1-124, 1-125, 1-129,
I-131), cestum (e.g., Cs-1335, Cs-137), cobalt (e.g., Co-60),
palladium (e.g., Pd-103, Pd-107), cadmium (e.g., Cd-113),
strontium (e.g., Sr-89, Sr-90), europium (e.g., Eu-55), tin




US 2014/0072485 Al

(Sn-121, Sn-126), phosphorus (e.g., P-32, P-33), thallium
(e.g., T1-201), indium (e.g., In-111), galllum (e.g., Ga-67,
(Ga-68), yttrium (e.g., Y-90), iridium (e.g., Ir-192), bismuth
(e.g., B1-213), radium (Ra-223, Ra-225), and ruthenium (Ru-
106). In the case where the method 1nvolves a separation of
radioisotopes, the two radioisotopes are typically related as
parent and daughter nuclides, such as thorium and actinium.
In some embodiments, any one or more of the above-de-
scribed classes or specific types of radioisotopes are excluded
from the method.

[0020] In particular embodiments, the radioisotope 1is
selected from a lanthanide (1.e., an element having an atomic
number ol 38 to 71) and/or an actinide (1.¢., an element having,
an atomic number of 89 to 103) or to a subset ol elements
therein. Some examples of lanthanide elements include lan-
thanum (La) certum (Ce), praseedymlum (Pr), neodymium
(Nd), samartum (Sm), europium (Eu), gadolinium (Gd), ter-
bium (Tb), dysprostum (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb), and lutetium (Lu). Some
examples of actinide elements 1include actintum (Ac), tho-
rium (Th), and protactimmum (Pa). In some embodiments, any
one or more of the foregoing radioisotopes are excluded from
the method.

[0021] In the extraction, at least a portion of the radioiso-
tope 1s transierred from the aqueous substrate to the 10onic
liquid. The efficiency of the extraction (i.e., extraction eifi-
ciency) of the one or more radioisotopes from the aqueous
solution to the 1onic liquid can be conveniently calculated
according to the formula R;;/(R;;+R,, ), wherein R;; repre-
sents a final radioactivity of the radioisotope in the 1onic
liquid, and R, represents a final radioactivity ot the radio-
1sotope 1n the aqueous solution 1n the same units of radioac-
tivity, wherein the final radioactivity 1s the radioactivity mea-
sured after steps (a) and (b) are completed. The extraction
elliciency i1s preferably at least 50%, 60%, 70%, 75%, 80%,
85%, 90%, 95%, 97%, 98%, 99%, or even 100%.

[0022] In embodiments where the extraction functions to
substantially separate a first radioisotope from another radio-
1sotope, the elficiency of the separation can be conveniently
calculated by the formula D,/D, (the separation factor),
wherein D, 1s a distribution coetficient for the first radioiso-
tope and D, 1s a distribution coellicient for the second radio-
1sotope, wherein the distribution coellicient 1s calculated by
the general formula R;;/R ,_xVol ,_/Vol;;, wherein R;; repre-
sents a final radioactivity of the radioisotope 1n the 1onic
liqud, R represents a final radioactivity of the radioisotope
in the aqueous solution in the same units of radioactivity,
Vol,; represents a volume of the 1onic liquid, and Vol rep-
resents a volume of the aqueous solution. The separation
factor is preferably at least 1x10°, 1x10°, 1x10%, 1x10°, or
1x10°.

[0023] The 10onic liqud considered herein 1s any 10nic l1g-
uid that does not chelate to the metal being extracted, 1.e., the
ionic liquid 1s non-chelating. The 1onic liquid should also be
capable of separating from the aqueous substrate by any
suitable means after being intimately mixed with the aqueous
substrate. In particular embodiments, the 1onic liquid pos-
sesses sullicient hydrophobicity to the extent that 1t does not
dissolve 1nto the aqueous substrate, or the 1onic liquid may
partially or completely dissolve in the aqueous substrate
under certain conditions but is capable of separating from the
aqueous substrate under other conditions. The 1omic liquid
should also be substantially radiation stable.
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[0024] As understood 1n the art, an 1onic liquid includes a
cationic component and an anionic (counteranionic or coun-
terion) component. By being non-chelating, the 1onic liquid
does not include a portion that functions to chelate the metal
being extracted, or the 10nic liquid does not include a chelat-
ing portion altogether. A chelating portion, as understood 1n
the art, 1s a portion of a molecule that can form at least two
coordinate bonds with a metal, such as provided by a poly-
dentate ligand, such as ethylenediamine, bipyridine, a crown
cther, porphyrinate, or salen, all of which may be excluded
from the non-chelating 10onic liquid described herein. Some
examples of chelating portions that are preferably excluded
from the 1onic liquid include cyclic polyethers (e.g., crown
cthers), polyamines (e.g., ethylenediamines and diethylen-
ctriamines), porphyrin structures, polycarboxylates, polythi-
ols, polythioethers, and combinations thereof (e.g., EDTA).
The chelating portions to be excluded are generally
uncharged (1.e., neutral) or may be negatively charged.

[0025] The 1onic liquid 1s typically a liquid at room tem-
perature (e.g., 15, 18,20, 22, 25, 0or30° C.) or lower. However,
in some embodiments, the 1on1c liquid may become a liquid at
a higher temperature than 30° C. if the process 1s conducted at
an elevated water temperature (1.¢., up to the boiling point of
water, or 100° C.) that melts the 1onic liqud. Thus, 1n some
embodiments, the 1onic liquid may have a melting point of up
to or less than 100, 90, 80, 70, 60, 50, 40, or 30° C. In other
embodiments, the 1onic liquid 1s a liquad at or below 10, 5, 0,
-10, =20, =30, or —40° C.

[0026] The density of the 1onic liquid 1s generally above 1.2
g/mL at an operating temperature of interest, and particularly
at a temperature within 20-30° C. In different embodiments,
the density of the 1onic liquid can be at least 1.2, 1.3, 1.4, 1.5,
1.6,1.7,0r1.8 ¢/mL, or aparticular range bounded by any two
ol these values.

[0027] The viscosity of the 1onic liquid 1s typically no more
than 50,000 centipoise (50,000 cP) at an operating tempera-
ture of interest, and particularly at a temperature within
20-30° C. More typically, the viscosity of the 1onic liquid 1s no
more than about 25,000 cP, 10,000 cP, 5,000 cP, 2,000 cP,
1,000 cP, 800 cP, 700 cP, 600 cP, 500 cP, 400 cP, 300 cP, 200
cP, 100 cP, or 50 cP.

[0028] The 1onic liquids considered herein also preferably
possess a suitable degree of thermal resilience, as typically
reflected by the onset decomposition temperature, to ensure
their stability for use 1n the applications described herein. In
different embodiments, the 10nic liquid preferably exhibits an

onset decomposition temperature of at least 100, 150, 200,
250, 300, 350, 400, 450, 500, 525, 550, 575, or 600° C.

[0029] The 10onic liguid compositions used herein can be
conveniently described by the formula (Y™)(X™), wherein Y™
1s a cationic component of the 1onic liquid and X~ 1s an
anionic component of the 1onic liquid. The formula (Y™)(X™)
1s meant to encompass a cationic component (Y ) having any
valency of positive charge, and an anionic component (X™)
having any valency of negative charge, provided that the
charge contributions from the cationic portion and anionic
portion are counterbalanced 1n order for charge neutrality to
be preserved 1n the 1onic liquid molecule. More specifically,
the formula (Y™)(X™) 1s meant to encompass the more generic
formula (Y +“’*)y(X‘b )., wherein the variables a and b are, inde-
pendently, non-zero integers, and the subscript variables x
and y are, independently, non-zero integers, such that a.y=b.x
(wherein the period placed between variables indicates mul-
tiplication of the variables). The foregoing generic formula
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encompasses numerous possible sub-formulas, such as, for

example, (Y")(X7), (YZ)X o, (Y)(XT), (Y)(X7),.
(Y*)(XDa (YD)3(XT), (Y7),(X 7). and (Y*),(X7),. For

simplicity, numerous embodiments of 1onic liquids,
described below, designate the anion as X™, which 1n 1ts strict
sense 1indicates a monovalent anion. However, the anion des-
ignated as X~ 1s meant to encompass an anion of any valency,
such as any of the valencies described above and further
below, unless otherwise specified.

[0030] In one set of embodiments, the 1onic liquid pos-
sesses an ammonium cation portion. In a first embodiment,
the ammonium cation portion includes a heterocyclic ring
having a positively-charged ring nitrogen atom. The hetero-
cyclic ring having a positively-charged ring nitrogen atom
can be monocyclic, bicyclic, tricyclic, or a higher cyclic
(polycyclic) ring system. Some examples of a heterocyclic
ring having a positively-charged ring mitrogen atom include
imidazolium, pyridinium, pyrazinium, pyrrolidinium, piperi-
dinium, piperazinium, morpholinium, pyrrolium, pyrazo-
lium, pyrimidinium, triazolium, oxazolium, thiazolium, tri-
azimum, and cyclic guamdinium rings. Any of the foregoing
cationic rings may be bound or fused with one or more other
saturated or unsaturated (e.g., aromatic) rings, such as a ben-
zene, cyclohexane, cyclohexene, pyridine, pyrazine, pyrroli-
dine, piperidine, piperazine, pyrrole, pyrazole, pyrimidine, or
indole rings. Some examples of fused charged rings include
benzimidazolium, pyrrolo[l,2-a]Jpyrimidinium, indolium,
quinolinium, quinazolinium, quinoxalinium, 5,6,7,8-tetrahy-
droimidazo[1,2-c]pyridine, and H-imidazo[1,2-a]pyridine.
Any of the foregoing cationic rings may be substituted by one
or more hydrocarbon groups (R) as further described below.
Typically, at least one ring nitrogen atom 1s substituted with a
hydrocarbon group (R) to provide the positive charge. Ionic
liquids containing any of the foregoing cationic components
are either commercially available or can be synthesized by
procedures well-known 1n the art, as evidenced by, for
example, T. L. Greaves, et al., “Protic Ionic Liquids: Proper-
ties and Applications™, Chem. Rev., 108, pp. 206-237 (2008),
the contents of which are herein incorporated by reference in
their entirety. Any of the 1ionic liquids described 1n the fore-
going reference may be used herein.

[0031] In one embodiment, the ammonium 1onic liquid 1s
an 1midazolium-based 1onic liquid having a structure of the
general formula:

(1)

o\ x

N N
le \( \RE

R3

[0032] InFormula (1) above, R, R* and R are each inde-
pendently a saturated or unsaturated, straight-chained,
branched, or cyclic hydrocarbon group (R), as further
described below, having at least one carbon atom, and X™ 1s a
counteranion, as further described infra. In some embodi-

ments, R' and R*, or R' and R>, or R and R’ are different in
structure or number of carbon atoms, whereas 1n other

embodiments, R* and R, or R' and R, or R* and R° are the
same either in structure or number of carbon atoms. In differ-
ent embodiments, R', R* and R each independently have a
minimum of at least one, two, three, four, five, six, seven, or
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eight carbon atoms. In other embodiments, R', R* and R’
cach independently have a maximum of two, three, four, five,
S1X, seven, eight, nine, ten, eleven, twelve, thirteen, fourteen,
fifteen, sixteen, seventeen, or eighteen carbon atoms. In other
embodiments, R', R* and R” independently have a number of
carbon atoms within a range of carbon atoms bounded by any
of the exemplary minimum and maximum carbon numbers
provided above. As the double bonds shown 1n Formula (1)
are generally delocalized, other structurally equivalent depic-
tions may be possible for the imidazolium ring.

[0033] Ina first embodiment, one, two, or all of R*, R* and
R are saturated and straight-chained hydrocarbon groups
(1.e., straight-chained alkyl groups). Some examples of
straight-chained alkyl groups include methyl, ethyl, n-propyl,
n-butyl, n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl, n-de-
cyl, n-undecyl, n-dodecyl, n-tridecyl, n-tetradecyl, n-penta-
decyl, n-hexadecyl, n-heptadecyl, and n-octadecyl groups.
[0034] In a second embodiment, one, two, or all of R', R?
and R” are saturated and branched hydrocarbon groups (i.e.,
branched alkyl groups). Some examples of branched alkyl
groups include 1sopropyl, 1sobutyl, sec-butyl, t-butyl, 1sopen-
tyl, neopentyl, 2-methylpentyl, 3-methylpentyl, and the
numerous C;, Cg, Co, Cyg, Cy, i, Cy3, Ciy, G5, Gy, Gy 5,
and C, 4 saturated and branched hydrocarbon groups.

[0035] Ina third embodiment, one, two, or all of R', R* and
R® are saturated and cyclic hydrocarbon groups (i.e.,
cycloalkyl groups). Some examples of cycloalkyl groups
include cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl,
cycloheptyl, cyclooctyl, and their methyl-, ethyl-, and propyl-
substituted derivatives and/or their methylene, dimethylene,
trimethylene, and tetramethylene cross-linked derivatives (as
crosslinked to a nitrogen atom of the imidazolium ring). The
cycloalkyl group can also be a polycyclic (e.g., bicyclic or
tricyclic) group by either possessing a bond between two of
the ring groups (e.g., dicyclohexyl) or a shared (1.e., fused)
side (e.g., decalin and norbornane).

[0036] In a fourth embodiment, one, two, or all of R*, R”
and R° are unsaturated and straight-chained hydrocarbon
groups (1.¢., straight-chained olefimic or alkenyl groups).
Some examples of straight-chained olefinic groups include
vinyl, 2-propen-1-yl, 3-buten-1-yl, 2-buten-1-yl, butadienyl,
4-penten-1-yl, 3-penten-1-yl, 2-penten-1-vyl, 2.4-pentadien-
1-yl, 5-hexen-1-yl, 4-hexen-1-yl, 3-hexen-1-yl, 3,5-hexa-
dien-1-yl, 1,3,5-hexatrien-1-yl, 6-hepten-1-yl, ethynyl, prop-
argyl, and the numerous C-, Cg, C,, C,n, C,4, C,5, Ci5, C, ..
C,s, Cs, C,5, and C,; unsaturated and straight-chained
hydrocarbon groups.

[0037] Ina fifth embodiment, one, two, or all of R*, R* and

R are unsaturated and branched hydrocarbon groups (i.e.,
branched olefinic or alkenyl groups). Some branched olefinic
groups include 2-propen-2-yl, 3-buten-2-yl, 3-buten-3-vl,
4-penten-2-yl, 4-penten-3-yl, 3-penten-2-yl, 3-penten-3-vl,
2.4-pentadien-3-yl, and the numerous C,, C,, C,, C,, C,,,
Cii, Cisy Ci3, Cia, Cis, Ci, C, -, and C, 4 unsaturated and
branched hydrocarbon groups.

[0038] Inasixth embodiment, one, two, orall of R', R* and
R> are unsaturated and cyclic hydrocarbon groups. Some
examples of unsaturated and cyclic hydrocarbon groups
include cyclopropenyl, cyclobutenyl, cyclopentenyl, cyclo-
pentadienyl, cyclohexenyl, cyclohexadienyl, phenyl, benzyl,
cycloheptenyl, cycloheptadienyl, cyclooctenyl, cyclooctadi-
enyl, cyclooctatetraenyl, and their methyl-, ethyl-, and pro-
pyl-substituted derivatives and/or their methylene, dimethyl-
ene, trimethylene, and tetramethylene cross-linked
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derivatives (as crosslinked to a nitrogen atom of the imidazo-
lium ring). The unsaturated cyclic hydrocarbon group can
also be apolycyclic (e.g., bicyclic or tricyclic) group by either
possessing a bond between two of the ring groups (e.g.,
biphenyl) or a shared (i.e., fused) side (e.g., naphthalene,
anthracene, and phenanthrene).

[0039] In one embodiment, as 1n the examples above, one
or more of the hydrocarbon groups (R), described above, are
composed solely of carbon and hydrogen, 1.e., do not include
one or more heteroatoms, such as oxygen or nitrogen atoms.
In another embodiment, one or more of the hydrocarbon
groups include one or more heteroatoms, such as one or more
oxygen, nitrogen, and/or fluorine atoms. Some examples of
oxygen-containing hydrocarbon groups include those pos-
sessing one or more hydroxyl (OH) groups, alkoxide (—OR),
carbonyl groups (e.g., ketone, ester, amide, or urea function-
alities), amino (e.g., —NH,, —NHR, and —NR,), 1mino
(e.g., —=N—, —N—H or —=N—R groups), and/or carbon-
oxygen-carbon (ether) groups. In a particular embodiment,
the oxygen-containing hydrocarbon group includes two or
more ether groups, such as a polyalkyleneoxide group, such
as a polyethyleneoxide group. Some examples of nitrogen-
containing hydrocarbon groups include those possessing one
Or more primary amine groups, secondary amine groups,
tertiary amine groups, and/or quaternary amine groups,
wherein it 1s understood that a quaternary amine group nec-
essarily possesses a positive charge and requires a counter-
anion. Some examples of fluorine-containing hydrocarbon
groups (1.e., fluorocarbon groups) include the partially-sub-
stituted varieties (e.g., fluoromethyl, difluoromethyl, 2-fluo-
roethyl, 2,2-difluoroethyl, 2,2,2-trifluoroethyl, and the like)
and perfluoro-substituted varieties (e.g., perfluoromethyl,
pertluoroethyl, pertluoropropyl, perfluorobutyl, and the like).
In some embodiments, any one or more of the foregoing
exemplary heteroatoms or heteroatom-containing substitu-
ents may be excluded from Formula (1) or from any of the
cationic and/or anionic portions of the 1onic liquids described
herein.

[0040] The ionic liquids according to Formula (1) can con-
tain any of the above-described imidazolium-based cationic
components associated (1.e., complexed) with counteranions
X~ further described 1infra. Some general examples of 1mida-
zoltum-based 1onic liquids according to Formula (1) include
1,3-dimethylimidazolivm™X™, 1,2,3-trimethylimidazolium™
X~, 2-ethyl-1,3-dimethylimidazolium™X™~, 2-n-propyl-1,3-
dimethylimidazolium™X™, 2-n-butyl-1,3-dimethylimidazo-
lium™X", 1-ethyl-2,3-dimethylimidazolium™X", 1-n-propyl-

2,3-dimethylimidazolium™X", 1-n-butyl-2,3-
dimethylimidazolium™X™~, 1-methyl-3-ethylimidazolium™
X~, 1-methyl-3-n-propylimidazolium™X~, 1-methyl-3-

1sopropylimidazolium™X™, 1-methyl-3-n-butylimidazolium™
X~ (1.e., BMIM*™X"™), 1-methyl-3-isobutylimidazolium™X",
1 -methyl-3-sec-butylimidazolium™X™, 1-methyl-3-t-butyl-
imidazolium™X~, 1,3-diethylimidazolium™X~, 1-ethyl-3-n-

propylimidazolium™X~, 1-ethyl-3-1sopropylimidazolium™
X", 1-ethyl-3-n-butylimidazolium™X", 1-ethyl-3-
isobutylimidazolium™X™, 1-ethyl-3-sec-butylimidazolium™
X, 1 -ethyl-3-t-butylimidazolium™X~, 1,3-d1-n-
propylimidazolium™X", 1 -n-propyl-3-
1sopropylimidazolium™ X", 1-n-propyl-3-n-
butylimidazolium™X~, 1-n-propyl-3-isobutylimidazolium™

X", 1-n-propyl-3-sec-butylimidazolium™X"™, 1-n-propyl-3-t-
butylimidazolium™X"~, 1,3-dusopropylimidazolium™X",
1-isopropyl-3-n-butylimidazolium™X", 1-isopropyl-3-isobu-
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tylimidazolium™X™, 1-1sopropyl-3-sec-butylimidazolium™
X~, 1-1sopropyl-3-t-butylimidazolium™X™, 1,3-di-n-butyl-
imidazolium™X™, 1-n-butyl-3-1sobutylimidazolium™X", 1-n-
butyl-3-sec-butylimidazolium™X"~, 1 -n-butyl-3-t-
butylimidazolium™X"™, 1,3-diisobutylimidazolium™X",
1 -1sobutyl-3-sec-butylimidazolium™X~, 1-1sobutyl-3-t-bu-
tylimidazolium™X™, 1,3-di-sec-butylimidazolium™X™, 1-sec-
butyl-3-t-butylimidazolium™X"™, 1,3-di-t-butylimidazolium™
X", 1 -methyl-3-pentylimidazolium™X™, 1-methyl-3-
hexylimidazolium™X™, 1-methyl-3-heptylimidazolium™X",
1 -methyl-3-octylimidazolium™X™, 1-methyl-3-decylimida-
zolium™X™, 1-methyl-3-dodecylimidazolium™X"™, 1-methyl-
3-tetradecylimidazolium™X™, 1-methyl-3-hexadecylimida-
zolium*™X™, 1-methyl-3-octadecylimidazolium™X™, 1-(2-
hydroxyethyl)-3-methylimidazolium™X~, and 1-allyl-3-
methylimidazolium™X™.

[0041] InFormula (1), one or both ofthe hydrogen atoms at
the 4- and 5-positions may also be substituted with a group,
such as a hydrocarbon group, such as any of the hydrocarbon
groups described above, an alkoxide group (—OR), hydroxy
group (OH), amino group (—NH,, —NHR, or —NR,), car-
boxamide group (—C(O)NR, wherein one or both R groups
can be replaced with H), and/or halogen atom (e.g., F, Cl, Br,
or I atom), wherein the R groups may be the same or different
and may or may not be iterconnected to form a ring. For
example, one or both of the 4- and 5-positions of the 1mida-
zole ring may be substituted with a methyl, ethyl, n-propyl,
isopropyl, n-butyl, isobutyl, sec-butyl, or t-butyl group. R at
the 2-position may also be selected from any of the foregoing
groups provided for the 4- and 3-positions. Moreover, any one
or more of R', R® and R® may or may not also include an
imidazole or imidazolium ring, which therefore may result in
a bi-imidazolium, tri-imidazolium, or tetra-imidazolium cat-
1onic portion.

[0042] Insome embodiments of Formula (1), R' and R, or
R and R” are interconnected, thereby forming an imidazolyl-
containing bicyclic ring system. The iterconnection can be
saturated or unsaturated, and may or may not include substi-
tuting groups, as described above for the hydrocarbon groups
R provided above. Some examples of 10n1c liquids containing
such 1midazolyl-containing bicyclic ring systems include
those according to the following formulas:

(1a)

(1b)

[0043] InFormulas(la)and(1b),R”and R'® independently
represent a hydrocarbon group, with or without heteroatom
substitution, such as any of the hydrocarbon groups (R)
described above for R', R* and R> of Formula (1). In particu-
lar embodiments, R” and R'® are independently selected from
methyl, ethyl, n-propyl, 1sopropyl, n-butyl, isobutyl, sec-bu-
tyl, t-butyl, n-pentyl, isopentyl, neopentyl, n-hexyl, 1sohexyl,
vinyl, and allyl groups. Any of the hydrogen atoms at avail-
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able carbon atoms 1n Formulas (1a) and (1b) may be substi-
tuted with a group, such as a hydrocarbon group, such as any
of the hydrocarbon groups (R) described above, an alkoxide
group (—OR), hydroxy group (OH), amino group (—NH,,
—NHR, or —NR,), carboxamide group (—C(O)NR,
wherein one or both R groups can be replaced with H), and/or
halogen atom (e.g., F, Cl, Br, or I atom), wherein the R groups
may be the same or different and may or may not be inter-
connected to form a ring.

[0044] In another embodiment, the ammonium ionic liquid
1s an N-hydrocarbylpyridinium-based 10onic liquid having a
structure of the general formula:

(2)

X
\ x
+ 2
N7
b
[0045] InFormula (2), R* represents a hydrocarbon group,

with or without heteroatom substitution, such as any of the
hydrocarbon groups (R) described above for R', R* and R of
Formula (1), and the counteranion X~ can be any counteran-
ion, such as those further described inira. Some general
examples of N-alkylpyridinium-based 10nic liquids 1nclude
N-methylpyridinium™X"™, N-ethylpyridinium™X~, N-n-pro-

pylpyridinium™X~, N-1sopropylpyridintum™X~, N-n-bu-
tylpyridinium™X~, N-isobutylpyridintum™X~, N-sec-bu-
tylpyridinium™X", N-t-butylpyridinium™ X", N-n-
pentylpyridimum™X", N-1sopentylpyridinium™X",

N-neopentylpyridinium™X~, N-n-hexylpyridinium™X~, N-n-
heptylpyridimum™X~, N-n-octylpyridinium™X~, N-n-non-
ylpyridinium™X™, N-n-decylpyridinium™X™, N-n-undecylpy-
ridimnium™ X", N-n-dodecylpyridimium™X"~, N-n-
tridecylpyridinium™X"~, N-n-tetradecylpyridinium™X"~, N-n-
pentadecylpyridinium™X™, N-n-hexadecylpyridinium™X",
N-n-heptadecylpyridinium™X~, N-n-octadecylpyridinium™
X~, N-vinylpyridinium™X~, N-allylpyridintum™X"~, N-phe-
nylpyridinium™X", N-(2-hydroxyethyl)pyridinium™ X",
N-benzylpyridinium™X"~, and N-phenethylpyridinium™X".
[0046] In Formula (2), any one or more of the hydrogen
atoms on the ring carbon atoms can be substituted with one or
more other groups, such as a hydrocarbon group (R ), alkoxide
group (—OR), hydroxy group (OH), amino group (—INH,,
—NHR, or —NR,), carboxamide group (—C(O)NR,
wherein one or both R groups can be replaced with H), and/or
halogen atom (e.g., F, Cl, Br, or I atom), wherein the R groups
may be the same or different and may or may not be inter-
connected to form a ring. Some examples of such 10nic lig-
uids include N-methyl-4-methylpyridinium X~, N-ethyl-4-
methylpyridinium  X~, N-methyl-4-ethylpyrnidinlum X~
N-methyl-4-1sopropylpyrnidinium X~, N-1sopropyl-4-meth-
ylpyridintum X™, and N-octyl-4-methylpyridinium X. More-
over, any one or two of the ring carbon atoms ortho, meta, or
para to the shown ring nitrogen atom 1n the pyridinium ring
may be replaced with a respective number of ring nitrogen
atoms, which may be neutral or positively charged ring nitro-
gen atoms.

[0047] In another embodiment, the ammonium ionic liquid
1s a quaternary ammonium 1onic liquid having a structure of
the general formula:
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(3)
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[0048] In Formula (3), R>, R° R’, and R® independently

represent a hydrocarbon group, with or without heteroatom
substitution, such as any of the hydrocarbon groups (R)
described above for R', R* and R? of Formula (1), or a hydro-
gen atom, wherein at least one of R>, R®, R7, and R® represents
a hydrocarbon group (with or without heteroatom substitu-
tion), and the counteranion X~ can be any counteranion, such
as those described infra. In one embodiment, one of R°, R°,
R’, and R® is a hydrocarbon group while the rest are hydrogen
atoms. In another embodiment, two of R°, R®, R’, and R® are
hydrocarbon groups while two are hydrogen atoms. In
another embodiment, three of R°, R®, R’, and R® are hydro-
carbon groups while one 1s a hydrogen atom. In another
embodiment, all of R*, R°, R, and R® are hydrocarbon groups
(or more specifically, alkyl groups), thereby resulting in a
tetrahydrocarbylammonium group (or more specifically, a
tetraalkylammonium group). Some general examples of qua-
ternary ammonium 1onic liquds include methylammonium™
X, dimethylammonium™X~, trimethylammonium™X", tet-
ramethylammonium™X", ethylammonium™X",
cthyltrimethylammonium™X~, diethylammonium™X™, tri-
ethylammonium™X", tetraecthylammonium™X™, n-propylam-
monium*X~, n-propyltrimethylammonium™X™, 1sopropy-
lammonium™ X", n-butylammonium™X",
n-butyltrimethylammonium™X™, n-butylmethylammonium™
X~ , di-(n-butyl)dimethylammonium™X™, tri-(n-butyl)methy-
lammonium™ X", n-pentylammonium™X"~, n-pentyltrimethy-
lammonium™ X", tri-(n-pentyl)methylammonium™X™,
n-hexylammonium™X~,  n-hexyltrimethylammonium™X",
tri-(n-hexyl)methylammomum™X"™, n-heptylammonium™ X",
n-heptyltrimethylammonium™X™, tri-(n-heptyl)methylam-
monium™ X, n-octylammonium™ X", n-octyltrimethylammo-
nium X", tri-(n-octyl)methylammonium™X~, benzyltrim-
ethylammonium™X", choline™X",
2-hydroxyethylammonium™X ™, allylammonium™X"™, allyltri-
methylammonium™X~, [(2-methacryloxy)ethyl]-trimethy-
lammonium™X~, and (4-vinylbenzyl)trimethylammonium™
X",

[0049] In another embodiment, the ammonium 1onic liquid
1s a cyclic guanidintum-based 1onic liquid. The cyclic guani-
dinium-based 1onic liquid can have any of the structures
known 1n the art, including those described 1n U.S. Pat. No.
8,129,543 and M. G. Bogdanov, et al., Z. Naturforsch, 65b,
pp. 37-48, 2010, the contents of which are herein incorpo-
rated by reference 1n their entirety.

[0050] The cyclic guanidinium-based 1onic liquid can be
described by the following general formula:

(4)

Rll RIZ
\ix -
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[0051] In Formula (4) above, R**, R**, R"°, R'"* R'>, and/
or R'® groups independently represent a hydrocarbon group,
with or without heteroatom substitution, such as any of the
hydrocarbon groups (R) described above for R', R* and R of
Formula (1), or a hydrogen atom, provided that at least two of
R'' R** R’ R'* R', and R'® are interconnected to form a
ring or a bicyclic, tricylic, or higher cyclic ring system. In
some embodiments, R, R, R"°,R'*, R and/or R'°® groups
are independently selected from methyl, ethyl, n-propyl, 1so-
propyl, n-butyl, 1sobutyl, sec-butyl, t-butyl, n-pentyl, 1sopen-
tyl, neopentyl, n-hexyl, 1sohexyl, vinyl, and allyl groups,
provided that at least two of R'*, R'*, R"°, R'*, R">, and R'°
are interconnected to form a ring or a bicyclic, tricyclic, or
higher cyclic ring system. In a first set of embodiments, R*"
and R'? are interconnected. In a second set of embodiments,
R'° and R'*, or R*> and R'°, are interconnected. In a third set
of embodiments, R'' and R*>, or R*# and R"", are intercon-
nected. In a fourth set of embodiments, R'* and R'® are
interconnected. In other embodiments, any two or three of the
foregoing types of interconnections are combined. The fore-
going embodiments also include the possibility that all of R,
R'%, R"?, R R", and R'® groups are engaged in an inter-
connection. The counteranion X~ can be any counteranion,
such as those described 1nira.

[0052] Inparticular embodiments, the cyclic gnanidinium-
based 1onic liquid has a structure of any of the following
general formulas:

. (4a)
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[0053] In some embodiments, any of the cyclic guani-
dinium structures shown in Formulas (4a)-(4q) may have a
ring carbon atom replaced with a heteroatom selected from
oxygen (O), sulfur (S), and/or nitrogen (—NR—). Moreover,
any of the hydrogen atoms residing on ring carbon atoms may
be substituted with one or more other groups, such as a
hydrocarbon group (R), alkoxide group (—OR), hydroxy
group (OH), amino group (—NH,, —NHR, or —NR,,), car-
boxamide group (—C(O)NR, wherein one or both R groups
can be replaced with H), and/or halogen atom (e.g., F, Cl, Br,
or I atom), wherein the R groups may be the same or different
and may or may not be interconnected to form a ring.

[0054] In another embodiment, the ammonium ionic liquid
1s a piperidinium-based 10n1c liquid having a structure of the
tollowing general formula:

(5)

;J/
/ \

R]? RIS

[0055] InFormula(5),R'’andR'® independently represent
a hydrocarbon group, with or without heteroatom substitu-
tion, such as any of the hydrocarbon groups (R) described
above for R', R* and R” of Formula (1), and the counteranion
X~ can be any of the counteranions described inira. Some
examples of piperidintum-based 1onic liquids include 1,1-
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dimethylpiperidinium™X™~, 1-methyl-1-ethylpiperidinium™
X~, 1-methyl-1-propylpiperidimum™X", 1-methyl-1-butylpi-
peridinium™ X", 1-methyl-1-isobutylpiperidinium™X",
1 -methyl-1-pentylpiperidinium™X™, 1-methyl-1-hexylpip-
eridinium™X~, 1-methyl-1-heptylpiperidinium™X™, 1-me-
thyl-1-octylpiperidinium™X", 1 -methyl-1-decylpiperi-
dintum™X~, 1-methyl-1-dodecylpiperidinium™X"™, 1-methyl-
1 -tetradecylpiperidinium™X", 1-methyl-1-
hexadecylpiperidinium™X", 1-methyl-1-
octadecylpiperidinium™X", 1,1-diethylpiperidinium™X",
1,1-dipropylpiperidinium™X~, 1,1-dibutylpiperidintum™X"~,
and 1,1-diisobutylpiperidinium™X™. In some embodiments,
the piperidinium ring shown 1n Formula (3) may have a ring
carbon atom replaced with a heteroatom selected from oxy-
gen (O), sulfur (S), and/or nitrogen (—NR—). Moreover, any
of the hydrogen atoms residing on ring carbon atoms may be
substituted with one or more other groups, such as a hydro-
carbon group (R), alkoxide group (—OR), hydroxy group
(OH), amino group (—NH,, —NHR, or —NR,), carboxam-
ide group (—C(O)NR, wherein one or both R groups can be
replaced with H), and/or halogen atom (e.g., F, Cl, Br, or I
atom), wherein the R groups may be the same or different and
may or may not be interconnected to form a ring.

[0056] Inanother embodiment, the ammonium ionic liquid
1s a pyrrolidintum-based 10nic liquid having a structure of the
tollowing general formula:

-
N
N

/ \
RIQ R20

(6)

[0057] InFormula(6),R'” and R*" independently represent
a hydrocarbon group, with or without heteroatom substitu-
tion, such as any of the hydrocarbon groups (R) described
above for R', R* and R” of Formula (1), and the counteranion
X~ can be any of the counteramions described infra. Some
examples of pyrrolidinium-based 1onic liquids include 1,1-
dimethylpyrrolidintum™X"™, 1-methyl-1-ethylpyrrolidinium™
X~, 1l-methyl-1-propylpyrrolidinium™X~, 1-methyl-1-bu-
tylpyrrolidintum™X™, 1-methyl-1-1sobutylpyrrolidinium™X",
1-methyl-1-pentylpyrrolidinium™X"~, 1-methyl-1-hexylpyr-
rolidintum™X™, 1-methyl-1-heptylpyrrolidinium™X™, 1-me-
thyl-1-octylpyrrolidinium™X", 1 -methyl-1-decylpyrroli-
dintum™X", 1-methyl-1-dodecylpyrrolidinium™X",
1 -methyl-1-tetradecylpyrrolidintum™X™, 1-methyl-1-hexa-
decylpyrrolidinium™X", 1 -methyl-1-octadecylpyrroli-
dinmum™X~, 1,1-diethylpyrrolidinium™X™, 1,1-dipropylpyr-
rolidintum™X~, 1,1-dibutylpyrrolidinium*™X~, and 1,1-
dusobutylpyrrolidinium™X~. In some embodiments, the
pyrrolidinium ring shown in Formula (6) may have a ring
carbon atom replaced with a heteroatom selected from oxy-
gen (O), sulfur (S), and/or nitrogen (—NR—). Moreover, any
of the hydrogen atoms residing on ring carbon atoms may be
substituted with one or more other groups, such as a hydro-
carbon group (R), alkoxide group (—OR), hydroxy group
(OH), amino group (—NH,, —NHR, or —NR, ), carboxam-
ide group (—C(O)NR, wherein one or both R groups can be
replaced with H), and/or halogen atom (e.g., F, Cl, Br, or I
atom ), wherein the R groups may be the same or different and
may or may not be interconnected to form a ring.
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[0058] In other aspects, the 10mic liquid 1s a phosphonium-
based 1onic liquid. The phosphonium-based ionic liquid can
have a structure of the following general formula:

7
R21 R22 ( )
\ / X-
.-""
R’ \ R4

[0059] In Formula (7), R*', R**, R**, and R** indepen-
dently represent a hydrocarbon group, with or without het-
croatom substitution, such as any of the hydrocarbon groups
(R) described above for R*, R* and R of Formula (1), and the
counteranion X~ can be any of the counteranions described
inira. Some general examples ol phosphonium-based 10nic
liquids include tetramethylphosphonium™X™, tetraethylphos-

phontum™X™, tetrapropylphosphonium™X"™, tetrabutylphos-
phontum™X"™, tetrapentylphosphomum™X"™, tetrahexylphos-
phonium™X", tetraheptylphosphonium™X",

tetraoctylphosphonium™ X", tetranonylphosphonium™ X", tet-
radecylphosphonium™X™, tetraphenylphosphonium™X™, tet-
rabenzylphosphonium™X", ethyltrimethylphosphonium™X",
n-propyltrimethylphosphonium™X~, butyltrimethylphospho-
nium™ X", dibutyldimethylphosphonium™X™, tributylmeth-
ylphosphonium™X~, butyltriethylphosphonium™X~, dibu-
tyldiethylphosphonium™X™, tributylethylphosphonium™X™,
triissobutylmethylphosphonium™X™~, tributylhexylphospho-
nium* X",  tributylheptylphosphonium™X™,  tributyloc-
tylphosphonium™X™, tributyldecylphosphonium™X"™, tribu-
tyldodecylphosphonium™X™,
tributyltetradecylphosphonium™X™, tributylhexadecylphos-
phonium™X", hexyltrimethylphosphonium™X"™, dihexyldim-
cthylphosphonium™X~,  trihexylmethylphosphonium™X~,
hexyltriethylphosphonium™X~, trihexyloctylphosphonium™
X™, trihexyldecylphosphonium™X™, trihexyldodecylphos-
phonium™X", trihexyltetradecylphosphonium™X"™, trihexyl-
hexadecylphosphonium™X~, octyltrimethylphosphonium™
X", dioctyldimethylphosphonium™X™,
trioctylmethylphosphonium™X™, octyltriethylphosphonium™
X, trioctyldecylphosphonium™X™, trioctyldodecylphospho-
nium™ X", trioctyltetradecylphosphonium™X™, trioctylhexa-
decylphosphonium™X™~,  tridecylmethylphosphonium™X"™,
phenyltrimethylphosphonium®™X~, phenyltriethylphospho-
nium™X~, phenyltripropylphosphonium™X~, phenyltribu-
tylphosphonium™X~,  diphenyldimethylphosphonium™X™,
triphenylmethylphosphonium™X™, and benzyltrimethylphos-
phonium™X"™.

[0060] In some embodiments of Formula (7), two or three
of R*!, R**, R*?, and R** are interconnected to form a phos-
phonium-containing ring or bicyclic ring system. Some gen-
eral examples of phosphonium i1onic liquids containing a
phosphorus-containing ring or bicyclic ring system are pro-
vided by the following formulas:

(7a)

PN

N

R23 R24
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-continued
(7b)

X-
_|_
P

/' \
R23 R24
(7c)

(7d)

[0061] Insomeembodiments, the cyclic phosphonium ring
shown 1n any of Formulas (7a)-(7d) may have a ring carbon
atom replaced with a heteroatom selected from oxygen (O),
sulfur (S), and/or nitrogen (—NR—). Moreover, any of the
hydrogen atoms residing on ring carbon atoms may be sub-
stituted with one or more other groups, such as a hydrocarbon
group (R), alkoxide group (—OR), hydroxy group (OH),

amino group (—NH,, —NHR, or —NR,), carboxamide
group (—C(O)NR, wherem one or both R groups can be
replaced with H), and/or halogen atom (e.g., F, Cl, Br, or I
atom ), wherein the R groups may be the same or different and
may or may not be mterconnected to form a ring. Any of the
phosphonium cationic portions shown 1n any of Formulas (7)
and (7a)-(7d) may also include one or more substituents con-
taining another neutral or charged phosphorus atom, such that
the phosphonium 1onic liquid may be a diphosphonium or
triphosphonium 1onic liquid, as derived from, for example,
1,2-bis(diphenylphosphino)ethane (dppe) by appropriate
alkylation.

[0062] In other aspects, the 1onic liquid 1s a sulfonmium-

based 1onic liquid. The sulfomum-based 1onic liquid can have
a structure of the following general formula:

(8)

[0063] In Formula (8), R*, R*°, and R*’ independently
represent a hydrocarbon group, with or without heteroatom
substitution, such as any of the hydrocarbon groups (R)
described above for R', R* and R’ of Formula (1), and the
counteranion X~ can be any of the counteranions described
inira. Some general examples of sulfonium-based 10nic 11g-
uids 1include trimethylsulfomum™X~, dimethylethylsulio-
nium™ X", diethylmethylsulfonium™X™, triethylsulfonium™
X", dimethylpropylsulfonium™X",
dipropylmethylsulfonium™ X", tripropylsulfonium™X"~, dim-
cthylbutylsulfonium™ X", dibutylmethylsulfonium™X™, tribu-
tylsulfontum™X~, dimethylhexylsulfonium™X™~, dihexylm-
ethylsulfonium™X", trihexylsulfonium™X™,
dimethyloctylsulfonium™X~, dioctylmethylsulfontum™X™,
and trioctylsulfonium™X".
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[0064] In some embodiments of Formula (8), two or three
of R*>, R*°, and R*’ are interconnected to form a sulfonium-
contaiming ring or bicyclic ring system, as described above for
the phosphonium cyclic systems. Some examples of sulfo-
nium 1onic liquids containing a sulfonium-containing ring or
bicyclic ring system are provided by the following formulas:

(3a)
/\ .
N~
AE?
(8b)
f E X-
—|_
S
|
RZ?

(8¢c)

[0065] In some embodiments, the cyclic sulfomum ring
shown 1n any of Formulas (8a)-(8c) may have a ring carbon
atom replaced with a heteroatom selected from oxygen (O),
sulfur (S), and/or nitrogen (—NR—). Moreover, any of the
hydrogen atoms residing on ring carbon atoms may be sub-
stituted with one or more other groups, such as a hydrocarbon
group (R), alkoxide group (—OR), hydroxy group (OH),
amino group (—NH,, —NHR, or —NR,), carboxamide
group (—C(O)NR, wherein one or both R groups can be
replaced with H), and/or halogen atom (e.g., F, Cl, Br, or I
atom), wherein the R groups may be the same or different and
may or may not be interconnected to form a ring. Any of the
sulfonium cationic portions shown 1n any of Formulas (8) and
(8a)-(8¢c) may also include one or more substituents contain-
ing another neutral or charged sulfur atom, such that the
sulfonium 10nic liquid may be a disulfonium or trisulfonium
ionic liquid, as dertved 1rom, for example, a ben-
zodithiophene or 3,3'-dibromo-2,2'-dithiophene by appropri-
ate alkylation.

[0066] In some embodiments, any of the above general
classes or specific types of 10n1c liquids, or general classes or
specific types of cationic portions of the above 1onic liquids,
are excluded. Moreover, 1n some embodiments, a mixture of
two or more of the foregoing 1onic liquids 1s used.

[0067] The counteranion (X7) of the 1onic liquid 1s any
counteranion which, when associated with the cationic com-
ponent, permits the resulting 1onic compound to behave as an
ionic liquid. As known 1n the art, the composition and struc-
ture of the counteranion strongly affects the properties (e.g.,
melting point, volatility, stability, viscosity, hydrophobicity,
and so on) of the 1onic liquid. In some embodiments, the
counteranion 1s structurally symmetrical, while in other
embodiments, the counteranion 1s structurally asymmetrical.
[0068] In one embodiment, the counteranion of the 1onic
liquid 1s non-carbon-containing (1.e., morganic). The 1nor-
ganic counteranion may, in one embodiment, lack fluorine
atoms. Some examples of such counteranions include chlo-
ride, bromide, 10dide, hexachlorophosphate (PCl, ™), perchlo-
rate, chlorate, chlorite, cyanate, 1socyanate, thiocyanate,
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isothiocyanate, perbromate, bromate, bromite, periodiate,
iodate, dicyanamide (1.e., N(CN),), tricyanamide (i.e.,
N(CN);), aluminum chlorides (e.g., Al,Cl,~ and AICl,), alu-
minum bromides (e.g., AlBr,”), nitrate, nitrite, suliate,
sulfite, hydrogensulfate, hydrogensulfite, phosphate, hydro-
genphosphate (HPO,>"), dihydrogenphosphate (H,PO,™),
phosphite, arsenate, antimonate, selenate, tellurate, tungstate,
molybdate, chromate, silicate, the borates (e.g., borate, dibo-
rate, triborate, tetraborate), amionic borane and carborane
clusters (e.g., B,,H,,” and B,,H,,”"), perrhenate, perman-
ganate, ruthenate, perruthenate, and the polyoxometallates.
The 1norganic counteranion may, in another embodiment,
include fluorine atoms. Some examples of such counteran-
ions include fluoride, bitfluoride (HE, ™), hexafluorophosphate
(PF "), fluorophosphate (PO,F*"), tetrafluoroborate (BF.,"),
aluminum fluorides (e.g., AlF,”), hexafluoroarsenate
(AsF ™), and hexatluoroantimonate (SbF ™).

[0069] In another embodiment, the counteranion of the
ionic liquid i1s carbon-containing (1.e., organic). The organic
counteranion may, in one embodiment, lack fluorine atoms.
Some examples of such counteranions include carbonate,
bicarbonate, the carboxylates (e.g., formate, acetate, propi-
onate, butyrate, valerate, lactate, pyruvate, oxalate, malonate,
glutarate, adipate, decanoate, salicylate, ibuprofenate, and the
like), the sulfonates (e.g., CH,SO,~, CH,CH,SO,~, CH,
(CH,),SO,", benzenesulionate, toluenesulionate, dodecyl-
benzenesulionate, docusate, and the like), the alkoxides (e.g.,
methoxide, ethoxide, 1sopropoxide, phenoxide, and glyco-
late), the amides (e.g., dimethylamide and dusopropyla-
mide), diketonates (e.g., acetylacetonate), the organoborates
(e.g., BR, R, R;R,™, wherein R,, R,, R, R, are typically
hydrocarbon groups containing 1 to 6 carbon atoms), the
alkylsulfates (e.g., diethylsulfate), alkylphosphates (e.g., eth-
ylphosphate or diethylphosphate), and the phosphinates (e.g.,
bi1s-(2,4,4-trimethylpentyl)phosphinate). The organic coun-
teranion may, in another embodiment, include fluorine atoms.
Some examples of such counteranions include the fluorosul-
fonates (e.g., CF;S0;7, CF;CF,S0O;", CF;(CF,),SO,",
CHF,CF,SO,™, and the like), the fluoroalkoxides (e.g.,
CF,0O7, CF,;CH,O™, CF,CF,O7, and pentafluorophenolate),
the fluorocarboxylates (e.g., trifluoroacetate and pentatluoro-
propionate), and the fluorosulfonylimides (e.g., (CF,S0,)
N7).

[0070] Inparticular embodiments, the counteranion (X™) of
the 1onic liquid has a structure according to the following
general formula:

()
I

F3C—(CF2)n—S5—N iS (CF2),—Cl3]p

O O

11

[0071] In Formula (9) above, subscripts m and n are inde-
pendently O or an integer of 1 or above. Subscriptp 1s 0 or 1,
provided that when p 1s O, the group —N—SO,—(CF,), CF,
subtended by p 1s replaced with an oxide atom connected to
the sulfur atom (S).

[0072] Inoneembodiment of Formula (9), subscriptp 1s 1,
so that Formula (9) reduces to the chemical formula:

(Va)
O O

F3C—(CF,),,—S— N—S—(CF,),—CF;

O O
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[0073] Inoneembodiment of Formula (9a), m and n are the
same number, thereby resulting 1n a symmetrical counteran-
ion. In another embodiment of formula (9a), m and n are not
the same number, thereby resulting 1n an asymmetrical coun-
teranion.

[0074] Inafirstset of embodiments of Formula (9a), m and
n are independently at leastOand upto 1,2,3,4,5,6,7,8, 9,
10,0r 11. When m and n are both 0, the resulting anion has the
formula F;CSO,NSO,CF;, 1.e., bis-(trifluoromethylsulio-
nyl)imide, or T1,N~. In another embodiment, m and n are not

both 0. For example, 1n a particular embodiment, m 1s O while
nisavalueoflorabove(e.g.,1,2,3,4,5,6,7,8,9,10,0r 11).

Some examples of such anions include
F,CSO,NSO,CF,CF,, F,CSO,NSO,(CF,),CF;,
F,CSO,NSO,(CF,);CFj, F,CSO,NSO,(CF,),CF;,
F,CSO,NSO,(CF,)CF;, and so on, wherein 1t 1s understood

that, in the foregoing examples, the negative sign indicative of

a negative charge (1.e., “~"") in the anion has been omitted for
the sake of clarity.
[0075] In a second set of embodiments of Formula (9a), m

and n are mndependently at least 1 andupto 2, 3,4, 5, 6,7, 8,
9,10, or 11. For example, 1n a particular embodiment, m 1s 1
whilenisavalueof 1 orabove(e.g.,1,2,3,4,5,6,7,8,9, 10,
or 11). Some examples of such anions 1nclude
N[SO,CF,CF,], (.e., “BETI™), F,CF,CSO,NSO,(CF,)
,CF,, F,CF,CSO,NSO,(CF,),CF;, F,CF,CS0,NSO,(CF,)
,CF;, F,CF,CSO,NSO,(CF,);CF;, and so on.

[0076] Inathirdsetofembodimentsof Formula(9a), mand
n are independently at least 2 and up to 3,4, 5,6, 7,8, 9, 10,
or 11. For example, 1n a particular embodiment, m 1s 2 while
n1s avalueof 2 orabove (e.g.,2,3,4,5,6,7,8,9,10,0r 11).
Some examples of such anions include N[SO,(CF,),CF;],,
F,C(F,C),SO,NSO,(CF,);CF,, F,C(F,C),SO,NSO,(CF,)
.CF;, FL,C(F,C),SO,NSO,(CF,).CF,, and so on.

[0077] In a fourth set of embodiments of Formula (9a), m
and n are independently atleast 3 andupto 4,5,6,7, 8,9, 10,
or 11. For example, in a particular embodiment, m 1s 3 while
n 1s a value of 3 or above (e.g.,3,4,5,6,7,8,9,10, or 11).
Some examples of such amons include N[SO,(CF,),CF;]-,
F.C(F,C),SO,NSO,(CF,),CF,, F,C(F,C),SO,NSO,(CF,)
-CF,, F,C(F,C),SO,NSO,(CF,).CF,, F;C(F,C),SO,NSO,
(CF,),CF,, and so on.

[0078] Inafifth set of embodiments of Formula (9a), m and
n are mndependently at least 4 andupto 5,6,7,8,9, 10, or 11.

For example, 1n a particular embodiment, m 1s 4 while n 1s a
value of 4 or above (e.g., 4,5, 6,7, 8,9, 10, or 11). Some

examples of such anions include N[SO,(CF,),CF;],, FiC
(F,C),SO,NSO,(CF,).CF,, F,C(F,C),SO,NSO,(CF,)
<CF;, F,C(F,C),SO,NSO,(CF,)-CF;, F,C(F,C),SO,NSO,
(CF,),CF,, and so on.

[0079] In a sixth set of embodiments of Formula (9a), m
and n are independently atleast 5 andup to 6,7,8,9,10,0r11.
For example, 1n a particular embodiment, m 1s 5 while n 1s a
value of 5 or above (e.g., 5, 6, 7, 8, 9, 10, or 11). Some
examples of such anions include N[SO,(CF,)-CF;],, F5C
(F,C).SO,NSO,(CF,),CF,, F,C(F,C).SO,NSO,(CF,)
-CF;, F;C(F,C).SO,NSO,(CF,)CF;, F,C(F,C).SO,NSQO,
(CF,),CF,, and so on.

[0080] Ina seventh set of embodiments of Formula (9a), m
and n are independently at least 6 and up to 7,8, 9, 10, or 11.
For example, 1n a particular embodiment, m 1s 6 while n 1s a
value ol 6 orabove (e.g.,6,7,8,9,10,0r 11). Some examples

of such anions include N[SO,(CF,).CF;],, F,C(F,C)
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~SO,NSO,(CF,),CF,, F;C(F,C) SO,NSO,(CF,)CF;, F;C
(F,C),SO,NSO,(CF,),CFj, F,C(F,C),SO,NSO,(CF,)
. oCF3, and so on.

[0081] Inother embodiments of Formula (9a), m abides by
one or a number of alternative conditions set forth in one of
the foregoing seven embodiments while n abides by one or a
number of alternative conditions set forth in another of the
foregoing seven embodiments.

[0082] In another embodiment of Formula (9), subscript p
1s 0, so that Formula (9) reduces to the chemaical formula:

(9b)

I
F3C—(CF)),, S‘ O
O

[0083] In different exemplary embodiments of Formula
(9b), mcanbe O orabove (e.g.,upto1,2,3,4,5,6,7,8,9,10,
or11), 1 orabove (e.g.,upto2,3,4,5,6,7,8,9,10,0r 11),
2 orabove(e.g.,upto3,4,5,6,7,8,9,10,0r11), 3 or above
(e.g,upto4,5,6,7,8,9,10,0r11), 4 or above (e.g., up to 3,
6,7,8,9,10,0r11),5orabove (e.g.,upt06,7,8,9,10,0r11),
6 or above (e.g.,upto 7, 8,9,10,0r11), 7 or above (e.g., up
to 8,9,10,11, or 12), 8 orabove (e.g.,upt0 9,10, 11, or 12),
or 9 or above (e.g., up to 10, 11, 12, 13, 14, 15, or 16). Some
examples of such amions mnclude F,CSO;™ (1.e., “triflate” or
“T10™), F,CF,CSO,~, F,C(F,C),S0,7, F,C(F,C),SO,~
(1.e., “nonaflate” or “NIO™), F,C(F,C),SO;™, F;C(F,C)
50,7, FL,C(F,C),S0O,~, F,C(F,C),SO,~, F,C(F,C)SO,",
F.,C(F,C),SO;™, F,C(F,C),,50;7, F;C(F,C),,S0,7, and so
on.

[0084] The 1onic liquid can be of any suitable purity level.
Preferably, the 1onic liquid has a purity at least or greater than
90%, 95%, 96%, 97%, 98%, 99%, 99.5%, or 99.9%. The
ionic liquid 1s preferably substantially devoid of salt byprod-
ucts (e.g., LINO,) that are typically produced during synthe-
s1s of the 1onic liquid. In preferred embodiments, it 1s desir-
able that the 1onic liquid contains less than 1% by weight of
salt byproducts, and more preferably, less than 0.5%, 0.1%,
0.01%, or even 0.001% by weight of salt byproducts.

[0085] In one embodiment, the 1onic liquid or aqueous
substrate 1s not admixed with a non-ionic liquid 1n the
method. For example, the 1onic liquid or aqueous substrate
used in the method can be substantially devoid of any solvents
(e.g., alcohols, ethers, amides, alkylchlorides, or the like),
neutral or charged complexing agents, neutral or charged
extractants, or electrolyte salts.

[0086] In another embodiment, the 10nic liqud or aqueous
substrate may be admixed with one or more non-1onic liquids
in the method. The one or more non-1onic liquids may func-
tion as, for example, a solvent for the 1onic liquid or other
admixed compounds, as a process modifier, or as an extract-
ant molecule to facilitate extraction or separation of the one or
more radioisotopes.

[0087] In one embodiment, the 1onic liquid or aqueous
substrate 1s admixed with a polar protic liquid. Some
examples of polar protic non-1onic liquids include water, the
alcohols (e.g., methanol, ethanol, 1sopropanol, n-butanol,
t-butanol, the pentanols, hexanols, octanols, or the like), diols
(e.g., ethylene glycol, diethylene glycol, triethylene glycol),
and protic amines (e.g., ethylenediamine, ethanolamine,
diethanolamine, and triethanolamine).
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[0088] In another embodiment, the 1onic liquid or aqueous
substrate 1s admixed with a polar non-protic liquid. Some
examples ol polar non-protic non-1onic liquids include the
nitriles (e.g., acetonitrile, propiomitrile), sulfoxides (e.g.,
dimethylsulfoxide), amides (e.g., dimethyliformamide, IN,N-
dimethylacetamide), organochlorides (e.g., methylene chlo-
ride, chloroform, 1,1,-trichloroethane), ketones (e.g.,
acetone, 2-butanone), dialkylcarbonates (e.g., ethylene car-
bonate, dimethylcarbonate, diethylcarbonate), organoethers
(e.g., diethyl ether, tetrahydrofuran, and dioxane), HMPA,
NMP, and DMPU.

[0089] In yet another embodiment, the non-1onic liquid or
aqueous substrate 1s admixed with a non-polar liquid. Some
examples ol non-polar liquids include the liquid hydrocar-
bons, such as a pentane, hexane, heptane, octane, pentene,
hexene, heptene, octene, benzene, toluene, or xylene.

[0090] In one embodiment, the 1onic liquid or aqueous
substrate 1s admixed with one or more electrolyte salts or
acids 1n the method. The acid can be a strong acid (e.g., the
mineral acids, such as hydrofluoric, hydrochloric, hydrobro-
mic, nitric, or sulfur acid) or a weak acid (e.g., phosphoric
acid, boric acid, or an organoacid, such as a carboxylic acid,
such as acetic or propionic acid). Some examples of electro-
lyte salts include the fluoride-containing electrolytes (e.g.,
KF, LiF, NaF, NH_F, or a tetraalklyammonium fluoride, such
as Bu,NF), ehlerlde -containing electrolytes (e.g., KCI, Na(l,
NH_Cl, or a tetraalklyammonium chlonide, such as Et,NCI),
bremlde -containing salts (e.g., HBr, KBr, NaBr, NH_ Br, or a
tetraalklyammonium bromide, such as Bu,NBr), nitrate salts
(e.g., LINO,, NaNO,, KNO,, and Mg(NQO,),), nitrite salts,
phosphate salts, phosphite salts, alkylphosphate salts, phos-
phinate salts, sulfate salts, alkylsulfate salts, carboxylate salts
(e.g., sodium glycolate, sodium acetate, sodium propionate,
potassium oxalate), carbonate salts, bicarbonate salts, per-
chlorate salts, chlorate salts, perbromate salts, and bromate
salts.

[0091] The 1onic liquid or aqueous substrate may be
admixed with one or more surfactants 1n the method. The
surfactants can be included to, for example, suitably adjust
the mixing or subsequent separation of 10nic liqguid and aque-
ous substrate, or to enhance the efficiency of extraction or
separation of radioisotopes.

[0092] In one embodiment, the one or more surfactants
include an 1onic surfactant, which can be either an anionic,
cationic, or zwitterionic surfactant. Some examples of
anmonic surfactants include the fluorinated and non-fluori-
nated carboxylates (e.g., pertluorooctanoates, perfluorode-
canoates, perfluorotetradecanoates, octanoates, decanoates,
tetradecanoates, fatty acid salts), the fluorinated and non-
fluorinated sultfonates (e.g., pertfluorooctanesulionates, per-
fluorodecanesulfonates, octanesulfonates, decanesulfonates,
alkyl benzene sulfonate), the fluorinated and non-fluorinated
sulfate salts (e.g., dodecyl sulfates, lauryl sulfates, sodium
lauryl ether sulfate, perfluorododecyl sulfate, and other alkyl
and perfluoroalkyl sulfate salts). The majority of cationic
surfactants contain a positively charged nitrogen atom, such
as found 1n the quaternary ammonium surfactants, e¢.g., the
alkyltrimethylammonium salts wherein the alkyl group typi-
cally possesses at least four carbon atoms and up to 14, 16, 18,
20, 22, 24, or 26 carbon atoms. Some examples of cationic
surfactants include the quaternary ammonium surfactants
(e.g., cetyl trimethylammonium bromide, benzalkonium
chloride, and benzethonmium chloride), the pyridinium surfac-
tants (e.g., cetylpyridimium chloride), and the polyethoxy-
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lated amine surfactants (e.g., polyethoxylated tallow amine).
Some examples of zwitterionic surfactants include the
betaines (e.g., dodecyl betaine, cocamidopropyl betaine) and
the glycinates. Some examples ol non-ionic surfactants
include the alkyl polyethylencoxides, alkylphenol polyethyl-
encoxides, copolymers of polyethyleneoxide and polypropy-
leneoxide (e.g., poloxamers and poloxamines), alkyl polyglu-
cosides (e.g., octyl glucoside, decyl maltoside), fatty
alcohols, (e.g., cetyl alcohol, oleyl alcohol), fatty amides
(e.g., cocamide MEA, cocamide DEA), and polysorbates
(e.g., polysorbate 20, polysorbate 40, polysorbate 60,

polysorbate 80).

[0093] In some embodiments, the ionic liquid or aqueous
substrate may be admixed with one or more extractant mol-
ecules 1in the method. The extractant molecule considered
herein 1s generally a neutral (1.e., non-1onic) or negatively-
charged molecule, typically non-polymeric and not an 1onic
liquid, typically having a molecular weight of up to or less
than, for example, 5000, 2000, 1000, 500, 200, 100, or 50
g/mole. The extractant molecule generally possesses one or
more functional groups that favorably interact with a metal
(or particularly, the metal to be extracted), typically by bind-
ing to the metal to be extracted. The one or more functional
groups may be selected from, for example, carbonyl, ether,
amide, phosphine, mercaptan, carboxylate, carboxylic acid,
phosphate, and phosphoric acid groups.

[0094] In a first set of embodiments, the extractant mol-
ecule has a structure according to the following general for-
mula:

(10)
O O

RS J\t/u\ R2?

[0095] In Formula (10) above, R*® and R*” are indepen-
dently any of the unsubstituted or substituted hydrocarbon
groups (R) described above, and subscript r can be 0 (result-
ing in a vicinal diketone) or precisely, at least, above, or up to,
for example, 1, 2, 3,4, 5, 6,7, 8,9, 10, 11, or 12, thereby
resulting 1n a linker having an equivalent number of linking
atoms. In one embodiment, the linker subtended by r 1s com-
posed of only carbon atoms, as found i1n acetylacetate
(wherein R*® and R*” are both methyl groups and r is 1). In
other embodiments, the linker subtended by r includes one or
more linking hetereatems such as O—, —NH—,
—NR—, or —S—, e1ther by replacmg a linking carbon atom
or by inserting between linking carbon atoms.

[0096] In particular embodiments of Formula (10), at least
one of R*® and R*” is an amino group, such as —NR.,
—NHR, or —NH,, wherein the R groups are the same or
different. In further particular embodiments of Formula (10),
both of R*® and R*” are amino groups according to the fol-
lowing formula:

(10a)



US 2014/0072485 Al

[0097] In Formula (10a), R°°, R*", R?, and R™ are inde-
pendently H or any of the unsubstituted or substituted hydro-
carbon groups (R) described above. In particular embodi-
ments of Formula (10a), one, two, three, or all of R°°, R™",
R??, and R*> are independently selected from straight-
chained or branched alkyl groups having at least two, three,
four, five, s1x, seven, eight, nine, ten, eleven, or twelve carbon
atoms, or a number of carbon atoms within a range of these
numbers.

[0098] Infurther particular embodiments of Formula (10a),
the extractant molecule 1s a diglycolamide having a structure
according to the following general formula:

O O
RS )J\/O\)J\ R
\N Nf’"

R3 | R33

(10b)

[0099] In particular embodiments of Formula (10b), R°,

R*', R*?, and R are independently selected from methyl,
cthyl, n-propyl, 1sopropyl, n-butyl, isobutyl, sec-butyl, t-bu-
tyl, n-pentyl, 1sopentyl, neopentyl, n-hexyl, 1sohexyl, n-hep-
tyl, 1soheptyl, n-octyl, 1sooctyl, n-nonyl, 1sononyl, n-decyl,
isodecyl, n-undecyl, n-dodecyl, cyclopropyl, cyclobutyl,
cyclopentyl, cyclohexyl, cycloheptyl, cyclooctyl, vinyl, allyl,
phenyl, benzyl, tolyl, xylyl, and naphthyl groups. In some
embodiments, R, R*!, R*#, and R*? all have the same carbon
number, or are all the same group. In some embodiments, R>"
and R’!, and/or R’* and R’ are interconnected to form a
diglycolamide having one or two nitrogen-containing hetero-
cyclic rings. A particular example of an extractant molecule
according to Formula (10b) 1s N,N,N'.N'-tetraoctyldiglycola-
mide (TODGA), i.e., wherein R°°, R°', R**, and R™ are each
octyl (C4H,,) groups.

[0100] The linker subtended by r in Formula (10) may
alternatively include or be replaced with a linking carbocyclic
or heterocyclic ring. The carbocyclic ring may be, for
example, a cyclohexyl, cyclohexenyl, phenyl, or naphthyl
ring. The heterocyclic ring may be, for example, a pyridyl,
pyrrolyl, pipenidinyl, pyranyl, or furanyl ring. When a hetero-
cyclic ring 1s directly bound to the two shown carbonyl groups
in Formula (10), 1n particular embodiments, the two carbonyl
groups are bound in ortho positions of the heterocyclic ring.
In particular embodiments, when the heterocyclic ring 1s a
pyridine ring, the extractant molecule can have a structure of
the following formula:

(10¢)

O
RS{‘N*/ N\)J\N"" ©
| | |

R3 1 \/ R33

[0101] Inasecond set of embodiments, the extractant mol-
ecule has a phosphoric acid or phosphate structure according
to the following general formula:
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(11)
O

R3°Q—P—OR?*

OR35

[0102] In Formula (11), R**, R™, and R’° are indepen-
dently H or any of the unsubstituted or substituted hydrocar-
bon groups (R) described above, provided that at least one of
R** R’>, and R’° is a hydrocarbon group (R). In particular
embodiments of Formula (11), one, two, or all of R**, R™,
and R°° are independently selected from straight-chained or
branched alkyl groups having at least two, three, four, five,
S1X, seven, eight, mine, ten, eleven, or twelve carbon atoms, or
a number of carbon atoms within a range of these numbers. In
a first set of embodiments of Formula (11), one of R*%, R”>,
and R”° is a hydrocarbon group (R) while two of R**, R™>>, and
R>° are hydrogen atoms. Some examples of such compounds
include monoethylphosphoric acid, monoisopropylphospho-
ric acid, mono(n-butyl)phosphoric acid, monoisobutylphos-
phoric acid, monoisopentylphosphoric acid, mononeopen-
tylphosphoric acid, and mono(2-ethylhexyl)phosphoric acid
(H2ZMEHP). In a second set of embodiments of Formula (11),
two of R** R”>, and R° are independently selected from
hydrocarbon groups (R) while one of R*>*, R”>, and R*° is a
hydrogen atom. Some examples of such compounds include
diethylphosphoric acid, diisopropylphosphoric acid, di(n-bu-
tyl)phosphoric acid, diisobutylphosphoric acid, diisopen-
tylphosphoric acid, di(neopentyl)phosphoric acid, dio-
ctylphosphoric acid, and di(2-ethylhexyl)phosphoric acid
(HDEHP). In a third set of embodiments of Formula (11), all
three of R>*, R™>, and R>° are independently selected from
hydrocarbon groups (R). Some examples of such compounds
include triethylphosphate, trizsopropylphosphate, tri(n-butyl)
phosphate, triisobutylphosphate, truisopentylphosphate, tri
(necopentyl)phosphate, trioctylphosphate, tricresylphosphate,
dicresylphenylphosphate, and tris(2-ethylhexyl)phosphate
(TEHP).

[0103] In a third set of embodiments, the extractant mol-
ecule has an amide structure according to the following gen-
eral formula:

(12)

»_/

R3 9

[0104] In Formula (12), R®/, R*®, and R*” are indepen-
dently H or any of the unsubstituted or substituted hydrocar-
bon groups (R) described above, provided that at least one of
R*’, R*®, and R*” is a hydrocarbon group (R). Typically, at
least R*” is a hydrocarbon group (R), and more typically, at
least R*” and at least one or both of R>” and R’® are hydro-
carbon groups (R). In particular embodiments of Formula
(12), one, two, or all of R?/, R’®, and R°” are independently
selected from straight-chained or branched alkyl groups hav-
ing at least two, three, four, five, six, seven, eight, nine, ten,
eleven, or twelve carbon atoms, or a number of carbon atoms
within a range of these numbers. In a first set of embodiments
of Formula (12), one of R*’/, R?®, and R*” is a hydrocarbon

group (R) while two of R>7, R°®, and R”” are hydrogen atoms.
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In a second set of embodiments of Formula (12), two of R*’,
R7®, and R*” are independently selected from hydrocarbon
groups (R) while one of R*’, R*®, and R”” is a hydrogen atom.
In a third set of embodiments of Formula (12), all three of R*”,
R**, and R’” are independently selected from hydrocarbon
groups (R). Some examples of compounds of Formula (12)
include N,N-di-(2-ethylhexyl)-3-methylbutanamide, IN,N-
di-(2-ethylhexyl)-2-methylpropanamide, N,N-di-(2-ethyl-
hexyl)-2,2-dimethylpropanamide, and N,N-di-(2-ethyl-
hexyl)-2-ethylhexanamide.

[0105] In different embodiments, the non-ionic liqud
(such as extractant molecule) may be included 1n an amount
of precisely, at least, or less than, for example, 0.1 wt %, 0.5
wt %, 1 wt %, 2 wt %, S wt %, 10 wt %, 15 wt %, 20 wt %, 25
wt %, or 30 wt % by weight of the 1onmic liquid, or by weight
of the aqueous substrate, or by combined weight of 10nic
liquid and aqueous substrate. In other embodiments, the non-
ionic liquid may be included in an amount of precisely, at
least, or less than, for example, 0.1 mM, 0.2 mM, 0.5 mM, 1
mM, 1.5mM, 2mM, 2.5 mM, 3 mM, 3.5 mM, 4 mM, 5 mM,
10 mM, 15 mM, 20 mM, 25 mM, 30 mM, 40 mM, 50 mM,
100 mM, 150 mM, 200 mM, 250 mM, 300 mM, 400 mM, or
500 mM, or an amount within a range bounded by any two of
the foregoing values.

[0106] In some embodiments, one or more of any of the
foregoing general classes or specific types of non-1onic lig-
uids (such as extractant and/or surfactant molecules) are
excluded. In some embodiments, 1t may preferable to include
a non-1onic liquid that 1s soluble 1n the 10n1¢ liquid or aqueous
substrate. In particular embodiments, non-1onic liquids are
not present, 1.e., excluded from either the 10nic liquid, aque-
ous substrate, or both. In other embodiments, any chemical
entity that binds, complexes, or chelates to a metal or the
radioisotope to be extracted 1s excluded from the method
described herein.

[0107] Inother embodiments, an exchange resin, such as an
organic or 1norganic, synthetic or natural, cationic or anionic
exchange resin known 1n the art, 1s excluded from the process
described herein. The inorganic exchange resin excluded
herein can be, for example, a hydrous oxide or an acidic salt
of multivalent metals, salts of heteropolyacids, insoluble fer-
rocyanides, aluminosilicates, and similar compositions. The
organic exchange resin excluded herein can be, for example,
any of the strongly acidic, intermediate acidic, weakly acidic,
strongly basic, intermediate basic, or weakly basic exchange
resins known 1n the art.

[0108] Examples have been set forth below for the purpose
of 1llustration and to describe certain specific embodiments of
the invention. However, the scope of this invention 1s not to be
in any way limited by the examples set forth herein.

Example 1

Preparation of Ionic Liquids

[0109] Some of the 10nic liquids (ILs) particularly consid-
ered 1in the 1nstant invention are composed of 1midazolium,
bicyclic-imidazolium, and pyridinium cations with fluori-
nated anions, such as those depicted in FIG. 1. Initial charac-
terization and testing have been performed on several of these
ionic liquids.

Synthesis of bicyclic 1onic liquid [Bul5][NTL,].

[0110] The bicyclic 1onic liquid was synthesized according
to amodified literature procedure (Kan, H. C., etal., “Bicyclic
imidazolium-based 1onic liquids: synthesis and characteriza-
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tion,” Tetrahedron, 63, p. 1644-1653, 2007). Hydrogen chlo-
ride gas was slowly bubbled though a flask containing 4-chlo-
robutyronitrile (20 mL, 200 mmoles) and methanol (15 mL,
2.5 equivalents) dissolved in diethyl ether (100 mL) for 4
hours. The solution was then placed 1n a freezer for 24 hours.
The white precipitate was filtered and dried to give the inter-
mediate, 3-chloropropanimidate hydrochloride 1n 40% vyield.

[0111] To the solution of 3-chloropropanimidate hydro-
chloride (13.2183 g, 76.84 mmol) 1n dichloromethane (75
ml) were added aminoacetaldehyde dimethyl acetal (6.75
ml, 61.2 mmol) and triethylamine (32.14 mL, 232 mmol).

The solution was heated to retlux for 2 hours and then cooled
to room temperature (typically 18-30° C., or about 25° C.).
The solvent and excess triethylamine were removed 1n vacuo
to produce the desired amidine product was used 1n the next
step without further purification.

[0112] A solution of the crude amidine in formic acid (40
ml.) was heated to reflux for 2 hours. After cooling, the
solution was made basic by the caretul addition of aqueous
potassium hydroxide. The aqueous phase was extracted with
dichloromethane. The combined organic phases were dried,
and the solvent removed by rotary evaporation to yield a dark
red solid. The crude product was purified by column chroma-
tography (20/1-dichloromethane/ethanol on silica gel) to give
the bicyclic imidazole as a yellow crystalline solid 1n 80.4%
yield 1n two steps.

[0113] To the bicyclic imidazole, 1-bromobutane (1.1
equiv) was added. The neat solution was heated to 80° C. for
2 hours. After cooling, excess bromobutane was removed
from the resulting 1onic liquid in vacuo. The product was then
dissolved 1n water and washed three times with ethyl acetate.
To the aqueous phase was added 1 equivalent of lithium
bis(trifluoromethanesulfonyl Jimide (LiNT1,). The phases
were separated and the 1onic liquid phase dried under
vacuum.

Synthesis of pyridinium-based ILs [PhCH,Py][][NT1,]

[0114] To benzylbromide (2.3145 g, 0.0135 mol), was
added pyridine (1.07 g, 0.0135 mol) dropwise at room tem-
perature. The mixture became cloudy and some heat was
released while the pyridine was added. The reaction mixture
turned to a yellow clear gel when the addition was completed
and the system cooled down to room temperature. The gel
was then dissolved in D. I. water. To this aqueous solution was
added lithrum bis(trifluoromethanesulfonyl)imide (LiNTT,,
3.875 g, 0.0135 mol). The phases were separated and the
lower layer (IL) was separated from the aqueous phase and
washed with D.I. water four times to ensure the removal of
L1Br. The final product, a nearly colorless free-tlowing liquid,
was dried under vacuum at 70° C. for 4 hours. 5.39 g (0.031
mol) of [PhCH,Py|[NT1, ]| was obtained (overall yield 89%).
"H-NMR data: 8, 8.78 (m, 2H), 8.39 (s, 1H), 7.90 (m, 2H),
7.38 (m, SH), and 5.78 (s, 2H). ' C-NMR: 9, 145.95 (CH),
144.10 (CH), 131.81 (C), 130.59 (CH), 129.75 (CH), 128.65
(CH), 128.32 (CH), 119.74 (CF;, q, J,../~=321.0 Hz), and
65.29 (CH,).

Density and Viscosity Measurements of Ionic Liquids Used

[0115] The density and viscosity of several 1onic liquids
used 1n the 1nstant experiments are given 1n Table 1 below.
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TABL

(L]

1

Density and viscosity of 1onic liquids

Density (g/cc) Viscosity (cP)
Ionic Liquid 25° C. 25° C. 40° C. 100° C.
'C,mim][NTE,] 1.420 50.72  25.30  5.849
Bul5][NTL] 1.444 05.75  44.04  7.790
Bul6][NTH] 1.495 157.5 64.79 9.4
PhCH,Py|[NTL, 1.425 84.16  35.72  NM*
PhCH,Py-0-Me][NTE,] 1.407 174.5 70.08 NM
PhCH,Py-m-Me][NT£,] 1.440 160.7 58.14 NM
PhCH,Py-p-Me][NTH] 1.423 132.2 54.56 NM
NM™*: not measured.
Thermogravimetric  Analysis of [Bul5][NTi,] and
|[PhCH,Py][NT1,] Ionic Liquids
[0116] Thermogravimetric analysis (TGA) was conducted

on [Bul5][NT1,] and [PhCH,Py][NT1,] from room tempera-
ture to 800° C. at a heating rate of 10° C./min under N,
atmosphere. The TGA curves are shown 1n FIG. 2. As shown,
the onset decomposition temperatures are 525 and 400° C. for
|BulS][NT1,] and [PhCH,Py][NT1,], respectively. Both are
more thermally stable than most available ILs. In particular,
the thermal stability of [Bul5][NT1,] 1s more than 100° C.
higher than that of typical ILs. Thus, the class of bicyclic 1onic

liquids of which [Bul5][NT1,] 1s exemplary, and other high
temperature ILs, are particularly considered herein.

Example 2

Extraction Experiments

[0117] The extraction experiments were performed for
cach IL by contacting 0.05 mL of IL containing various
concentrations of the extractant with 0.5 mL of aqueous solu-
tion containing Th-227/Ac-225 for 60 minutes 1n a vibrating,
mixer. After centrifugation and standing overnight, the upper
aqueous phase was separated, and waited for 30 minutes to
allow Fr-221 (218 keV) to grow 1n. The radioactivities of
Th-227/Ac-225 1 both phases were determined by gamma
spectrometry. Th-22"7 was determined at 235 keV and Ac-225
was determined as Fr-221 at 218 keV.

[0118] The distribution coellicients (D, ) for extraction of
M"™, and extraction etliciency (E %) are defined by the fol-

lowing equations:

15
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( (RUL)
Dy ={ zagy

}x {Volume of aqueous solution
{Volume of IL}

E%0=R(IL)/[RUL)+R(AQ)]

[0119] In the above formulas, R(IL) and R(AQ) represent
the final radioactivities of M™™ 1n the 1onic liquid and aqueous
phase, respectively. Although the value of D, ,depends on the
concentration of {free extractants, the extraction trend
reflected in D, ,should be the same as that of the correspond-
ing equilibrium constant for a given 1mitial extractant concen-
tration. A volume ratio 1s needed in the calculation of distri-
bution coellicients to account for the difference 1n volume
between the two phases.

Example 3
Separation of Th-227 and Ac-225

Separation of Th-227 and Ac-225 Using TODGA as
Extractant

[0120] Solvent extraction experiments with radioactive
Th-227/Ac-225 were conducted using two 1onic liquds
|[C.omum][NTT1,], [Bul3][NT1,] containing different concen-
trations (0.8 mM, 4.0 mM, and 8.0 mM) of extractant
(TODGA) at two different acidities (0.01 N HNO,, and
0.0001 N HNO,). The results are summarized in the plot
shown 1n FIG. 3. As shown by FIG. 3, at these acidities, the
extraction efliciency for Th-227 and Ac-225 increased
quickly as the concentration of TODGA increased. When the
aqueous phase was made less acidic (1n 0.0001 N HNO,), the
extraction of Ac-225 from aqueous (AQ) phase to 1onic liquid
(IL) phase was somewhat more efficient than that of Th-227 at
higher concentration of TODGA. These experiments demon-
strate that TODGA oflfered good extraction for both Th-227
and Ac-225 but very little separation of Th-227 from Ac-225
for both ILs at these acidities. Theretore, another extractant,
HDEHP, was 1nvestigated, as further discussed below.

Separation of Th-227 and Ac-225 Usmng HDEHP as
Extractant

[0121] Solvent extraction experiments with radioactive
Th-227 and Ac-225 were performed under four different
acidities in four ILs with HDEHP as an extractant. The extrac-
tion results under the same 10:1 volume ratio of four 10nic
liquids containing 4.0 mM of HDEHP 1n ILs are summarized

in Table 2 below.

TABLE 2

Distribution coefficients and extraction efficiencies
of Th-227/Ac-225 in four ILs containing 4.0 mM HDEHP

ILs

[Comim][[NT1;]

[C,mim][BETI]

[Bul5][NT£,]

[HNO;] D7, 227/

N Drosr Dyoss  Dyoss E%ThIL E % Ac-IL
0.1 154  1.32E-3 1.16E+4  60.62 0.01
0.01 7.84E+4  1.35E-3  5.83E+7  99.99 0.01
0.001  2.29F+4 24.7 026E+2  99.96 71.15
0.0001  5.48F+4 0R.5 556E+2  99.98 90.78
0.1 148 1.29E-3  1.14E+5  93.67 0.01
0.01 7.79E+4  1.35E-3  5.73E+7  99.99 0.01
0.001  2.37E+4 62.0 3.82E+2  99.96 R6.10
0.0001  5.85F+4 R0.7 7.25E+2  99.98 R8.97
0.1 795E+4  2.51E-2 3.17E+6  99.99 0.25
0.01 133 R5.8 1.55 93.00 R9.56
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TABLE 2-continued

Distribution coetficients and extraction efficiencies
of Th-227/Ac¢-225 in four ILs containing 4.0 mM HDEHP
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[HNO;] D207/
ILs N D597 D 4e 225 D 4e22s
0.001 2.52E+2 14.7 171 99.60
0.0001 6.64E+4  4.33E+3 15.3 00 98
[PhCH,Py][NTL,] 0.1 297 1.30E-3 2.28E+5 74.84
0.01 3.63E+3 1.34E-3 2. 71E+6 90,72
0.001 2.33E+4  2.70E-1 8.63E+4 9996
0.0001 6.00E+4  9.13E-1 6.57E+4 90 98

[0122] The designation “E” shown above in Table 2 indi-
cates base 10, with the succeeding number as exponent. As
shown 1n Table 2, all four 10n1c¢ liquids provided a high extrac-
tion efficiency for Th-227 at four acidities. Lower acidities
offered better extractions of Ac-225 from the AQ phase nto
the IL phase. At 0.1 N and 0.01 N acidities, most Ac-225
remained 1n the AQ phase for three ILs except [Bul5][NT1,],
which extracted both Th-227 and Ac-225 at 0.01, 0.001, and
0.0001 N acidities. The best 1omic liquid of the four ILs
investigated here at a concentration of 4.0 mM HDEHP {for
Th-227/Ac-225 separation was found to be [PhCH,Py]
INT1,], which offered good separation at all four acidities.
These results demonstrate that ionic liquids are excellent
solvents for HDEHP and related extractants for a clean sepa-

ration of Th-227 from Ac-2235 in radioisotope production.

Effect of Acidity of Aqueous Phase on Th-227/Ac-225
Separation

[0123] FIG. 4 1s a graph plotting extraction efficiency (%)
vs. acidity ol the aqueous phase on Th-227/Ac-225 separation
for different types of 1onic liquids. As 1llustrated by the plot
shown 1n FIG. 4, when the AQ phase was most acidic (0.1 N
HNO,), extraction of Th-227 from AQ phase into the IL phase
was more than 60%, and extraction of Ac-225 was less than
1% for all four ILs. The best IL for Th-2277/Ac-225 separation
at 0.1 N HNO,; was found to be [Bul5][NT1,], which
extracted 99.99% of Th-227 and only 0.25% Ac-225 into the
IL phase, and the separation factor was as high as 106. When
the AQ phase became less acidic (0.01 N HNQO,), extraction
ol Th-2277 from the AQ phase into the IL phase was more than
99%, and extraction of Ac-225 was less than 0.1% for
|Comim][NTTL,], [C,mum][BETI], and [PhCH,Py][NT1L,].
All three ILs provided a separation factor for Th-227/Ac-2235
as high as 106 at this acidity. Simailar to the extraction system
using TODGA, as the AQ phase became less acidic, more

E % Th-IL.  E % Ac-IL

93.62
99.77
0.01
0.01
2.63
8.37

Ac-225 was extracted mto the IL phase. At 0.001 N and
0.0001 N HNO,, [PhCH,Py][NT1,] provided a particularly
improved Th-227/Ac-225 separation. The separation factor
still reached a value as high as 10*.

fhiciencies

T

Eftect of HDEHP Concentration on Extraction .
and Selectivities of Th-227/Ac-225

[0124] Another set of experiments was performed by vary-
ing the concentrations of HDEHP 1n [C,mim]|[NT1,]. The
results are summarized 1n Table 3 below. In 0.1 N HNO,, as
the HDEHP concentrations increased, the D, ,,, value
increased while D ,__,,. value remained negligible. There-
fore, as the HDEHP concentrations increased, the separation
tactor (D4, 5,-/D , . ,,<) Increased. In 0.01 N HNO;, as the
HDEHP concentrations increased, the D, ,,. values
increased while D, .-, remained similarly high, resulting in
the decrease of the separation factor (D, ,,-/D , .. 225) as the
HDEHP concentrations increased. In 0.001 N HNO,, both
D, ..-and D, ... values increased as the HDEHP concen-
trations increased. Moreover, the D, . value increased
drastically from 110 to 141000 as the HDEHP concentration
increased from 1 mM to 2 mM. The separation factor (D,
227/D , <) decreased sharply from 521 to 0.449 when the
HDEHP concentrations increased from 1 mM to 2 mM, then
remained around 0.4 for all three other concentrations. When
the aqueous phase was the least acidic (0.0001 N HNO,), both
Th-227 and Ac-225 could be quantitatively extracted fromthe
AQ phase 1nto the IL phase except thatthe D ,__,,. value was
116 at 1 mM HDEHP concentrations. Again, the D ,__,,-
value 1increased drastically from 116 to 187000 as the
HDEHP concentration increased from 1 mM to 2 mM. There-
fore, the separation factor (D, ,.-/D , _,,-) decreased again
sharply from 2140 to 1.47 when the HDEHP concentrations
increased from 1 mM to 2 mM, then remained around 1.5 for
all three more concentrated solutions.

TABLE 3

Distribution coetficients and extraction efficiencies of Th-227/Ac-225 in

[C,mum|[NT{L,] containing different concentrations of HDEHP

Acidities
of AQ

0.IN
HNO,

0.01N
HNO,

Concentration
of HDEHP Dy 597/
(mM) D7 557 D4 555 D, 555 E%Th-IL E % Ac-IL

1 10.1 6.33E-4 1.60E+4 30.31 0.01
2 28.9 6.29E-4  4.60E+4 74.31 0.01
3 41.4 6.54E-4  6.34E+4 80.56 0.01
4 132 1.17E-3 1.13E+5 92.95 0.01

1 4.15E+4 9.60 4.32E+3 90 0¥ 48.99
2 4.17E+4 15.8 2.64E+3 90 0¥ 61.22
3 3.99E+4 21.2 1.88E+3 90.97 6%.00
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TABLE 3-continued
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Distribution coetficients and extraction efficiencies of Th-227/Ac-225 in
[C,mim][NT1,] containing different concentrations of HDEHP

Concentration

Acidities of HDEHP Dp 599/
of AQ (mM) Dz 227 D 40225 D 40205

4 4.24E+4 23.2 1.83E+3 99.9%8
0.001N 1 5.72E+4 110 521 99.98
HNO;, 2 6.33E+4  1.41E+5 0.449 99.9%8

3 60.72E+4  1.55E+45 0.434 99.99

4 1.61E+5  3.90E+5 0.413 99.9%8
0.0001N 1 2.47E+4 116 2.14E+3 100
HNO;, 2 2.74E+4  1.87E+5 1.47 100

3 2.58E+4  1.78E+5 1.45 100

4 2.79E+4  1.85E+5 1.51 100

Separation of Th-227 and Ac-225 with Neat Ionic Liquids

[0125]

Solvent extraction experiments with radioactive

Th-227 and Ac-225 were performed under four different

acidities 1n neat ILs without any extractant. The extraction
results are summarized in Table 4 below. Surprisingly, as
shown by Table 4, the D, values can reach as high as 8000 or
over for some ILs at lower acidities and D , . values can still be
kept at less than one. This demonstrates the unexpected find-
ing that a clean separation o1 Th-227/Ac-225 using neat ILs 1s

feasible.

TABLE 4

E % Th-IL E % Ac-IL

71.63
91.65
99.99
99.99
99.99
92.04
99.99
99.99
99.99

Ra from Ac (Ac-225 and Ra-225, Ac-227 and Ra-223); or Ra
from Th (Th-227 and Ra-223, Th-229 and Ra-225).
[0127] While there have been shown and described what
are at present considered the preferred embodiments of the
invention, those skilled 1 the art may make various changes
and modifications which remain within the scope of the
invention defined by the appended claims.

What 1s claimed 1s:

1. A method for extracting a radioisotope from an aqueous
solution, the method comprising: a) intimately mixing a non-

Distribution coefficients and extraction efficiencies of Th-227/Ac-225 in neat ILs

[HNO;] Dyao7/
ILs N D227 D 4205 D 4225
[C,mum][NT15] 0.1 0.0347 0.0186 1.86 0.35
0.01 0.186 0.0163 11.4 1.83
0.001 2.21 0.0774 28.6 19.13
0.0001 7430 0.339 21900 Q087
[Cymum | [BETI] 0.1 0.0884  0.030 2.95 0.8%
0.01 0.947 0.0265 35.7 8.65
0.001 4.44 0.0399 111 30.74
0.0001 8590 0.661 13000 00 8¥
[Bul5][NT15] 0.1 0.461 5.77Tb-3 79.9 4.41
0.01 2.80 0.0126 222 21.85
0.001 17.3 0.0438 396 63.38
0.0001 1130 0.363 3110 99.12
[PhCH,Py]|[NTI;] 0.1 2.6 9.71E-4 2680 20.65
0.01 15.2 7.25E-4 21000 60.31
0.001 41.9 0.0275 1520 80.73
0.0001 7980 0.126 63400 Q087
[PhCH,Py]|[BETI] 0.1 5.3% 0.0394 136 34,98
0.01 31.2 0.0794 392 75.771
0.001 50.0 0.0122 4100 83.41
0.0001 235 0.0242 9710 95.96
[BuPy|[NTL,] 0.1 0.0421 0.003%1 11.1 0.42
0.01 3.49 0.00167 2080 25.85
0.001 10.7 0.390 34.6 51.61
0.0001 601 0.505 1190 0R8.36

10126]

The Th-227/Ac-225 system was selected in the

above examples for demonstration purposes and for the sake
of convenience since these 1sotopes have short half-lives (1.e.,

t, » of 18 and 10 days, respectively). However, there 1s gen-
erally no Th-227/Ac-225 pair 1n a routine 1sotope production
system. The production system 1s generally Th-229/Ac-225
orAc-227/Th-227. Thus, the above-described research can be

extended to the separation of other 1sotope pairs, including,
tor example, Th from Ac (Th-229/Ac-225, Ac-227/Th-227);

E % Th-IL. E % Ac-IL

0.19
0.16
0.77
3.27
0.30
0.26
6.20
6.20
0.06
0.13
0.44
3.50
0.01
0.01
0.27
1.24
0.39
0.79
0.12
0.24
0.04
0.02
2.99
4.81

chelating 10nic liguid with the aqueous solution to transter at
least a portion of said radioisotope to said non-chelating 1onic
liquid; and b) separating the non-chelating 1onic liquid from
the aqueous solution.

2. The method of claim 1, wherein the method achieves an
extraction eificiency of at least 80%, wherein the extraction
efficiency 1s calculated as R /(R +R,, ), wherein Rj; repre-
sents a final radioactivity of the radioisotope 1n the ionic
liquid, and R, represents a final radioactivity of the radio-




US 2014/0072485 Al

1sotope 1n the aqueous solution 1n the same units of radioac-
tivity, wherein the final radioactivity 1s the radioactivity mea-
sured after steps (a) and (b) are completed.

3. The method of claim 2, wherein the method achieves an
extraction efliciency of at least 90%.

4. The method of claim 1, wherein said aqueous solution
contains more than one radioisotope.

5. The method of claim 4, wherein said method substan-
tially separates a first radioisotope from a second radioisotope
by disproportionately extracting the first radioisotope over
the second radioisotope.

6. The method of claim 5, wherein said method achieves a
separation factor of at least 1x10* wherein the separation
factor 1s calculated as D,/D, wherein D, 1s a distribution
coellicient for the first radioisotope and D, 1s a distribution
coellicient for the second radioisotope, wherein the distribu-
tion coefticient 1s calculated by the general formula R, /R, _x
Vol /Vol,;, wherein R;; represents a final radioactivity of the
radioisotope 1n the 1onic liquid, R, represents a final radio-
activity of the radioisotope in the aqueous solution 1n the
same units of radioactivity, Vol,; represents a volume of the
1onic liquid, and Vol represents a volume of the aqueous
solution.

7. The method of claim 6, wherein said method achieves a
separation factor of at least 1x10°.

8. The method of claim 1, wherein the non-chelating 10nic
liquid 1s admixed with an extractant molecule that 1s non-
polymeric and not an ionic liquid, wherein said extractant
molecule binds to the radioisotope to facilitate its extraction
or facilitate 1ts separation from another radioisotope.

9. The method of claim 1, wherein the non-chelating 10nic
liquid 1s not admixed with a chemical entity that binds to the
radioisotope.

10. The method of claim 6, wherein prior to or during the
extraction process, the aqueous solution 1s acidified to a pH
less than 7 to achieve said separation factor of at least 1x10”.

11. The method of claim 10, wherein said method achieves
a separation factor of at least 1x10°.

12. The method of claim 1, wherein the non-chelating 1onic
liquid possesses an ammonium, phosphonium, or sulfonium
cation portion.

13. The method of claim 1, wherein the non-chelating 1onic
liquid possesses an ammonium cation portion.

14. The method of claim 13, wherein the ammonium cation
portion 1s comprised of a heterocyclic ring having a posi-
tively-charged ring nitrogen.

15. The method of claim 14, wherein the heterocyclic ring
1s selected from 1midazolium, benzimidazolium, pyridinium,
pyrazinium, pyrrolidinium, piperidinium, piperazinium,
morpholinium, pyrrolium, pyrazolium, pyrimidinium, triazo-
llum, oxazolium, thiazolium, triazinium, mdolium, quino-
lintum, quinazolinium, pyrrolo[l,2-a]pyrimidinium, and
cyclic guanidinium rings.

16. The method of claim 13, wherein the ammonium cation
portion 1s a quaternary ammonium group.
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17. The method of claim 16, wherein the quaternary ammo-
nium group 1s a tetraalkylammonium group.

18. The 1onic liquid of claim 1, wherein the non-chelating
ionic liquid possesses an anionic portion having a composi-
tion according to the chemical formula:

O 0O
-

F3C—(CF)p—8—F N—8—(CF,),—CF3],

|
O O

wherein m and n are imdependently O or an integer of 1 or
above, and p 1s O or 1, provided that when p 1s O, the group

N—SO,—(CF,), CF, subtended by p 1s replaced with an
oxide atom connected to the sultur atom, and when p 1s 1, the
shown perfluoroalkyl groups can optionally crosslink to form
a cyclic anion.

19. The 10nic liguid of claim 18, wherein the anionic por-
tion has a composition according to the chemical formula:

(Ck,),,—Ck3

I
F;C—(CF>), S‘ N—8
0

wherein m and n are mdependently O or an integer of 1 or
above.

20. The 1onic liqud of claim 18, wherein the anionic por-
tion has a composition according to the chemical formula:

I
F3C—(CF,),—S—O

|
O

wherein m 1s 0 or an 1nteger of at least 1.

21. The method of claim 1, wherein the non-chelating 1onic
liquid possesses an anionic portion that contains at least one
anionic group selected from carboxylate and sulifonate
groups.

22. The method of claim 1, wherein the radioisotope has an
atomic number above 80.

23. The method of claim 22, wherein the radioisotope 1s
selected from at least one of thorium, actinium, bismuth, and
radium.

24. The method of claim 22, wherein the radioisotope 1s
selected from at least one of thorium and actinium.

25. The method of claim 5, wherein the method substan-
tially separates thorium from actinium.

¥ ¥ H ¥ H
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